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Swallow Hg levels for the Nyanza risk assessment 

1.0 ABSTRACT 

Exposure of the tree swallow (Tachycineta bicolor) to mercury (Hg) was assessed as part 

of a Baseline Ecological Risk Assessment (BERA) to determine if Hg present in the Sudbury 

River below the Nyanza Superfund Site, in Ashland, MA, could pose a potential risk to this 

receptor group.  Samples of eggs, blood, and feathers were collected from this species at several 

reaches on the Sudbury River and at several local reference locations.  All tissue samples were 

analyzed for total Hg. Critical Body Residues (CBRs) for Hg were derived from the literature 

and existing data to help interpret the tissue residue data. 

The effect CBRs for Hg in tree swallow tissues equaled 0.40 µg/g (wet weight, ww) in 

eggs, and 1.27 µg/g (ww) in blood.  No data were found to develop an effect CBR for Hg in 

feathers. Mean Hg levels in eggs and blood were not significantly higher in reach 7 (Heard Pond 

area 7) compared to the reference locations, and generally below their corresponding effect CBR 

levels. Only four egg samples and two blood samples collected in this study exceeded their 

effect CBRs.  These samples came from tree swallows captured from various locations along the 

Sudbury River downstream of reach 7, except for one bird, which was captured on the Charles 

River (reference location). 

2.0 INTRODUCTION 

A field study of Hg exposure in the insectivorous tree swallows was undertaken in 

support of BERA investigations on the Sudbury River in Massachusetts. This river was 

contaminated with Hg released by the Nyanza Superfund Site in Ashland, MA.  The U. S. 

Environmental Protection Agency (USEPA) has been performing a BERA to determine the 

potential risk to wildlife associated with residual Hg in the river. 

Hg is generally released into the environment in inorganic form.  This chemical is 

converted to methyl mercury (MeHg) through bacterial metabolism and other biological 

processes. MeHg is the most biologically active and toxic form of Hg. Most of the Hg in 

biological tissues is present as MeHg. All tissues sampled for this study were analyzed for total 

Hg, and concentrations are generally discussed as “Hg” throughout this report. Unless specified 

otherwise, it can be assumed that most of this Hg is present as MeHg. 

BioDiversity Research Institute 1 



Swallow Hg levels for the Nyanza risk assessment 

2.1 Site Background 

The Nyanza Site is located about 35 km west of Boston. The Site, which covers about 

35acres, is situated in an industrial area 0.4 km south of the Sudbury River.  It is connected to the 

River via several surface water drainage pathways.  Several companies operated at this location 

between 1917 and 1978, producing textile dyes and dye intermediates. Large quantities of waste 

were disposed of on-site in pits, in below-ground structures, and in several lagoons during the 

course of these operations. Process chemicals including nitrobenzene, phenol, and mercuric 

sulfate were also disposed of on-site or discharged to the Sudbury River.  It has been estimated 

that between 45 to 57 metric tons of Hg were discharged to the Sudbury River and associated 

wetlands during this time. The facility was closed in 1978. 

The Nyanza site was placed on the National Priorities List (NPL) in 1982. Since that 

time, the USEPA has remediated the Site proper, and several adjacent waterways and wetlands.  

Discharge of Hg to the Sudbury River has been eliminated to the extent practicable.  Substantial 

quantities of Hg are still present in sediments through the remainder of the Sudbury River, which 

can serve as a secondary source of Hg to surface water and wildlife.  This residual contamination 

is referred to by USEPA as Operable Unit IV; Mercury Contamination within the Sudbury River. 

USEPA is completing a BERA to determine whether Hg in the Sudbury River has the 

potential to cause unacceptable risk to ecological receptors (primarily fish, birds, and mammals), 

and to determine whether there is a need for further remediation to address such risk.  This study 

was conducted by the BioDiversity Research Institute (BRI) in support of the larger BERA effort 

being conducted by Avatar Environmental. 

2.2 Overall Study Design 

The USEPA BERA process calls for identifying populations, species, or group of species that 

may be adversely affected by a contaminant, in this case Hg.  These are generically referred to as 

“ecological receptors”.  The potential for risk to these receptors is typically measured using 

several lines of evidence to help reduce the overall uncertainty inherent in the study of wildlife 

populations. Data collected from the study site are usually compared with data from an 

ecologically similar “reference” site.  This is particularly important for Hg studies in the 
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Northeastern U.S. where deposition of Hg in wet and dry precipitation has resulted in elevated 

Hg in the regional environment.  The CERCLA program must distinguish between point-source 

risk from a hazardous waste site and regional risk.  The study design contained the following 

elements: 

x Compare Hg levels measured in tree swallow tissues (blood, feathers and eggs) collected 

from the Sudbury River to levels associated with adverse effects. These concentrations 

are derived from the scientific literature and are known as effect Critical Body Residues 

(CBRs). 

x Compare Hg levels in tree swallow tissues collected from the Sudbury River with the 

same tissues collected from reference locations with similar habitat type. 

x Compare Hg levels in tree swallow tissues collected from the Sudbury River with the 

same tissues collected in other parts of the New England Region where atmospheric 

deposition (as opposed to a distinct point source like a toxic waste site) is the primary 

source of Hg in the environment.  

3.0 PURPOSE OF TREE SWALLOW TASK 

The tree swallow (Tachycineta bicolor) was selected to measure Hg exposures to an 

insectivorous bird foraging on the Sudbury River below the Nyanza Superfund Site.  This 

species is a cavity-nester which readily occupies wooden nest boxes (Figure 1). This behavior 

makes tree swallows easily accessible for tissue sampling.  The objective of this task was to 

collect blood, feathers, and eggs for use in Hg analysis.  Tissue-specific effect CBRs for Hg were 

also derived to estimate the potential for risk associated with the field-measured exposures.  This 

profile will serve as the basis for the tree swallow risk assessment task of the Nyanza Superfund 

BERA. 

4.0 ECOLOGY OF THE TREE SWALLOW 

Tree swallows prefer to nest in open areas, usually near water (Robertson et al. 1992). 

This species is mostly insectivorous, feeding mainly on flying insects (Diptera, Coleoptera, etc.) 

(Beal 1918). During the breeding season in Ontario, Canada, tree swallows consumed small 
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insects (<1 cm) – mostly adult flies (Diptera) and small leafhoppers (Homoptera) (Quinney and 

Ankney 1985). In New Jersey, swallows fed primarily on adult midges (Chironomidae) (Kraus 

1989). In a study conducted in New York State, McCarty and Winkler (1999) found at least 11 

orders of insects in the diet of tree swallow nestlings, with insects in the 3-5 mm range 

comprising the largest proportion of the diet.  Diptera (Nematocera and Brachycera) were the 

most frequent items followed by Hemiptera and Odonata (McCarty and Winkler 1999).  Adult 

tree swallows were observed feeding damselflies (Odonata) to their young on the Sudbury River 

downstream from the Nyanza Site (BRI, pers. obs. 2003).   

5.0 DEVELOPMENT OF CRITICAL BODY RESIDUES FOR TREE SWALLOWS 

Few datasets were available to help derive adverse effects levels for Hg accumulation and 

exposure to avian insectivores. The results of Hg dosing studies performed by scientists at the 

U.S. Geological Survey’s Patuxent Wildlife 

Research Center on bird eggs were used to 

derive the effect CBR for Hg in eggs.  Hg levels 

that presented a “cause of concern” for songbird 

species were developed by Gary Heinz (BRI, 

pers. Com.) through formal Hg dosing 

experiments using tree swallow and common 

grackle (Quiscalus quiscula) eggs, based on 

protocols established for the CALFED-Bay 

Delta Mercury Project (Heinz 2003). Figure 1. Tree Swallow on nest box. 

The CALFED study is designed to determine the relative sensitivities of MeHg injected 

in eggs of 17 bird species. The effect CBR for Hg in songbird eggs was assumed to be less than 

0.80 µg/g (ww) because: (1) the effect CBR for Hg in mallard eggs has been reported to equal 

0.80 µg/g (ww) (Heinz and Hoffman 2003), and (2) songbird eggs were more sensitive to MeHg 

than mallard eggs (G. Heinz, pers. com).   

Heinz found significant mortality in swallow embryos at egg Hg levels of 0.80 µg/g 

(ww). Embryo mortality in eggs injected with Hg equal to 0.40 µg/g (ww) were not significantly 
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different than the reference condition (p=0.19); however, the fact that 25% fewer eggs hatched at 

this concentration compared to the reference level is herein deemed by the authors to be 

biologically significant. Eggs were not dosed at the 0.60 µg/g (ww) level. 

The CALFED study indicated that common grackle eggs were the most sensitive of the 

17 species that underwent the dosing regime; embryo survival was significantly lower at an egg 

Hg level of 0.1 µg/g (ww).  There is considerable uncertainty about how experimentally injected 

Hg is distributed across the egg and about the assumption that injected Hg is more toxic than 

maternal Hg (G. Heinz, pers. com.).  An uncertainty factor of four was therefore used based on 

comparisons between experimental Hg dosing and the effect CBR for Hg in mallard eggs in the 

CALFED study (where a significant difference in mallard embryo survival was observed in eggs 

dosed with 3.20 µg/g (ww) Hg; or four times the effect CBR) (Heinz 2003).  Hence, the effect 

CBR for Hg in common grackle eggs was set at 0.40 µg/g (ww). 

Bird blood was the most regularly collected tissue in the field study.  As a result, 

available paired blood and egg Hg levels from maternal tree swallows were used to develop a 

simple linear regression model to predict blood Hg levels based on egg Hg levels.  The greater 

part of this dataset was collected at the Nyanza site.  Based on 99 paired blood and egg Hg 

levels, about 45% of the variability in the dataset can be predicted using a model of: [Hg]egg = 

0.3144 * [Hg]blood (Figure 2 and Appendix I). 

Figure 2. Model of egg Hg levels and predicted blood Hg levels. 
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Based on the CALFED egg Hg dosing studies, a CBR of 0.40 µg/g (ww) is predictive of 

a blood Hg CBR of 1.27µg/g (ww) in songbirds.  Songbirds with blood Hg levels >1.27 µg/g 

(ww) are at risk of greater embryo mortality and subsequent lower reproductive success.      

6.0 STUDY AREA AND METHODS 

6.1 Study area 

The Sudbury River is about 42 km long.  Several types of habitat occur along this length, 

including impoundments, urban flowing reaches, and reaches with extensive bordering wetlands.  

The EPA divided the Sudbury River into ten reaches (reach 1 through 10) to perform the BERA.  

These reaches were typically defined by impoundments, significant narrowing at road crossings, 

or significant changes in habitat type. The sections of the Sudbury River used in this study to 

collect tree swallow tissues for Hg analysis consisted of reach 3 (Reservoir 2), reach 4 (Reservoir 

1), reach 7 (Heard Pond), and reach 8 (Great Meadows National Wildlife Refuge 

[GMNWR](Table 1). The Charles River in Medfield, MA, served as a reference location for 

reaches 7 and 8, whereas the nearby Sudbury Reservoir and Delaney Wildlife Management Area 

(WMA) provided reference locations for reaches 3 and 4 (Table 1, Appendix II). 

Table 1: Tree swallow tissue sampling locations on the Sudbury River and at the local 

reference locations, 2003-2005. 

Reach 

No. Description 1 Description 2 Comment 

Sampled 

for Tree 

Swallows? 

Tissues 

Collected? 

SITE-IMPACTED LOCATIONS 

1 Sudbury River - upstream from Site N N 

2 Sudbury River Mill Pond next to Site N N 

3 Sudbury River Reservoir 2 lobes 1, 2, and 3 Y Y 

4 Sudbury River Reservoir 1 - Y Y 

5 Sudbury River - free flowing N N 

6 Sudbury River Saxonville Res. - N N 

7 Sudbury River - free flowing; Heart Pond Y Y 

8 Sudbury River Great Meadows extensive wetlands Y Y 
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Table 1: Tree swallow tissue sampling locations on the Sudbury River and at the local 

reference locations, 2003-2005. 

Reach 

No. Description 1 Description 2 Comment 

Sampled 

for Tree 

Swallows? 

Tissues 

Collected? 

9 Sudbury River Fairhaven Bay natural embayment N N 

10 Sudbury River - confluence Assabet River N N 

LOCAL REFERENCE LOCATIONS 

- Charles River - wetland & river habitat Y Y 

- Sudbury Res. - reservoir habitat Y Y 

- Delaney WMA - reservoir habitat Y Y 

Reservoir 2, located in both Ashland and Framingham, MA, is the first significant 

impoundment downstream of the Nyanza Superfund Site.  It is referred to as “reach 3” in the 

BERA. This is a 134-acre, back-up drinking water reservoir constructed in 1878, which was last 

used for drinking water around 1931. Reservoir 2 is divided into three sequential lobes.  The 

upstream lobe is the small, shallow area where the river first flows into the reservoir at Union 

Street in Ashland. This first lobe ends at a railroad crossing, where the next lobe begins and is 

depicted as a long and narrow waterway. A road crossing divides the second and third lobes. 

The latter is much wider, and contains the deepest portion of the reservoir (about 6.1 m).  

Reservoir 2 ends at a dam, where the water flows into Reservoir 1.  Land use in the vicinity of 

Reservoir 2 is primarily suburban residential, with a narrow buffer of mixed hardwood forest 

along portions of the Reservoir’s edge. 

Reservoir 1 receives water from Reservoir 2, and indirectly from the Sudbury Reservoir 

(from the northwest).  It is referred to as “reach 4” in the BERA.  This reservoir, which covers 

about 154 acres, is also part of a back-up water supply, with a maximum depth of 4.9 m.  

Reservoir 1 ends at the Winter Street Dam in Framingham.

 The Sudbury River (called “reach 5” in the BERA) continues through Framingham in a 

meandering, free-flowing fashion towards the next impoundment, the Saxonville Reservoir 

(called “reach 6” in the BERA). 
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The Sudbury River becomes reach 7 after passing the Saxonville Dam.  This stretch of 

river is also free flowing, and passes next to Heard Pond, which is connected to the river by a 

narrow, quarter-mile long channel. 

Reach 8 encompasses the GMNWR, which includes over 3,600 acres of wetlands 

managed by the U.S. Fish and Wildlife Service primarily as habitat for migratory birds.  

6.2 Capture technique, tissue collection, and processing 

Nest boxes were placed along the banks of the four targeted Sudbury River reaches and 

the three local reference locations to attract tree swallows. Monitoring the boxes and recording 

new nesting activities started in early May.  Bird tissue sampling occurred from late May until 

early August in 2003, 2004, and 2005. Sex, age and breeding status were determined for each 

bird. All birds were released unharmed within 15-20 minutes of capture 

6.2.1 Egg sampling 

Adult female tree swallows began laying their eggs in late May.  Every egg in a nest was 

measured and weighed.  One egg was collected from each box if at least four eggs were present 

to avoid nest abandonment.  The first egg, or one of the first two eggs, or the heaviest egg in the 

clutch, was collected for Hg analysis. A complete clutch was collected on a few occasions when 

the nest was abandoned. Each sample egg was placed in a clean, labeled plastic bag.  The 

samples were stored in an ice-filled cooler in the field.  They were refrigerated for one to four 

days in the laboratory until the eggs were opened.  The contents were weighed, placed in a pre-

cleaned I-Chem vials (EPA grade 200), and frozen until analyzed.  

6.2.2 Blood sampling

Blood for Hg analysis was obtained from all the adult females, several adult males, and 

most nestlings. Avian blood is a good indicator of environmental Hg exposure because a strong 

correlation exists between Hg levels in blood and other tissues (Evers et al. 2005). A blood 

sample was collected by puncturing the cuteneous ulnar vein in the wing with a 26-gauge sterile, 

disposable needle. The blood was drawn into one or two heparinized capillary tubes, which were 

then sealed with Creto-seal on both ends and placed in 10 cc plastic vacutainer.  Each vacutainer 
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was labeled with date, site, species, age and gender.  All of the blood samples were stored in an 

ice-filled cooler in the field, and in a locked freezer at the laboratory. 

6.2.3 Feather sampling 

Two outer tail feathers were plucked from each adult bird and placed in a labeled plastic 

bag. No feathers were collected from any of the nestlings.  All of the feather samples were 

stored in an ice-filled cooler in the field, and in a locked refrigerator at the laboratory. 

6.3 Sample analysis

The eggs and adult blood samples were analyzed for Hg by the Brooks Rand Laboratory 

(BRL), located in Seattle, WA.  Most of the nestling blood samples were analyzed by the Trace 

Element Research Laboratory (TERL), located in College Station, TX.  All analyses were for 

total Hg because it has been shown that 95% of total Hg is methylmercury in songbird blood 

(Rimmer et al. 2005).  All blood and egg Hg levels are reported in µg/g wet weight (ww) and 

feather Hg levels are reported in ug/g, fresh weight (fw).  All sample analyses followed EPA 

methods as described in the BERA.   

6.4 Data preparation and statistical analyses 

Arithmetic means and standard deviations (SD) were used in the graphical presentation of 

data summaries.  A one-way analysis of variance (ANOVA) or a t-test was used to test for 

significant differences in blood and feather Hg levels among sites or data sets, provided the data 

were normally distributed.  The Tukey-test was used to determine which sampling locations were 

significantly different from each other if the ANOVA had p<0.05. A non-parametric Chi-square 

test or a Kruskal-Wallis test was used if the data were not normally distributed or had unequal 

variances. If necessary, the data were log-transformed before conducting the ANOVAs.  Linear 

regression analysis was used to test if data sets were correlated.  Samples analyzed by BRL and 

TERL were pooled for statistical analyses. Data were pooled across years or sex only if there 

was no significant difference detected among years/sexes. 

Eggs.  The individual nest was considered the smallest egg sampling unit.  More than one 

egg was collected from individual nests on several occasions.  Such samples consisted of two or 

more eggs collected on one day (e.g., if a nest failed), or eggs taken from the same clutch but on 
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separate days. To prepare the egg datasets for use in statistical analysis, the egg analytical data 


for a given nest were averaged when two or more eggs were collected from that nest.  The end 


result was one egg Hg concentration per nest. 


Nestlings. The individual nest was considered the smallest nestling sampling unit.  To 


prepare the egg datasets for use in statistical analysis, the available nestling analytical data for a 


given nest were averaged when more than one nestling was sampled from that nest.  The end 


result was one nestling Hg concentration per nest. 


7.0 RESULTS AND DISCUSSION 

7.1 Summary of sampling effort 

The two-year sampling effort yielded 66 adult blood and 64 adult feather samples and 98 

nestling blood samples in 2003, and 63 adult blood and 62 adult feather samples in 2004 (Table 

2, Appendices III and IV). Eighty nine eggs were also collected in 2003, and 79 eggs in 2004. 

Nestlings were not sampled in 2004.    

Table 2. Sample sizes of tree swallow blood, feather and egg tissues collected for Hg analysis, 2003-2004.  

Number of tissue samples collected 

Adult Blood Adult Feathers Nestling Blood Eggs 
Site 2003 2004 2003 2004 2003 2004 2003 2004 

Sudbury River Reaches 

Reach 3 (Reservoir #2) 3 13 3 13 4 0 3 21 

Reach 4 (Reservoir #1) 1 10 1 10 5 0 1 14 

Reach 7 (Heard Pond area) 0 20 0 19 0 0 0 22 

Reach 8 (GMNWR) 27 14 24 13 42 0 39 13 

Local Reference Locations 

Charles River 16 6 17 7 19 0 22 9 

Delaney WMA 7 0 7 0 11 0 6 0 

Sudbury Reservoir 9 0 9 0 17 0 14 0 

Whitehall Reservoir 3 0 3 0 - 0 4 0 

Total Samples 66 63 64 62 98 0 89 79 

In 2003, some of the blood and egg samples not analyzed for Hg at BRL (i.e., all 

Whitehall Reservoir and Delaney WMA samples, most of nestling blood, and re-sampled adults) 

were subsequently analyzed at TERL. Table 3 summarizes which tissue samples were analyzed 

by what laboratory. All 2004 swallow samples were analyzed at BRL. 
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Table 3. Samples from 2003 analyzed at BRL and TERL. 

BRL TERL 

Blood      Eggs  Blood Eggs 

Site     (adult/chick) (adult/chick) 

Sudbury River Reaches 

Reach 3 (Reservoir #2)    3/ 4    3  0/0 0 

Reach 4 (Reservoir #1)    1/ 5    1  0/0 0 

Reach 8 (GMNWR)  20/ 0    16 7/42 23 
Local Reference Locations 

Charles River  16/ 0    17 1/19 7 

Delaney WMA     0/0    0 7/11 6 

Sudbury Reservoir 9/ 17 14 0/0 0 

Whitehall Reservoir 0/0 0 3/0 4 

Total Samples 75 51 90 40 

7.2 Summary of Hg exposure to tree swallows 

Data are organized by waterbody type (river and reservoir) and by tissue type (blood, 

eggs, and feather. 

7.3 Comparing tree swallow Hg levels from reaches 7 and 8, and the Charles River 

Blood: The data were first normalized using log transformation.  Differences between 

adult male and adult female tree swallow blood Hg levels were not significant (t = -1.24, df=110, 

p<0.22). The data were therefore pooled across gender for the statistical analyses. A one-way 

ANOVA and Tukey-Kramer HSD test was used to detect statistical differences across sampling 

locations. No significant differences were found between the three locations in the average 

blood Hg levels from 2003 and 2004 (t = -1.3, df=111, p<0.19).    

All of the swallow blood Hg data generated by BRL and TERL were used in the analysis. 

A one-way ANOVA did not find significant differences in the blood Hg levels between reaches 

7 and 8, and the Charles River (F=1.3, df=78, p<0.28) (Figure 3). All of the means fell below 

the effect CBR for Hg, even though two samples slightly exceeded this level (one each from 

reach 7 and reach 8) (Table 4). 

During periods of high water, Heard Pond is connected to the Sudbury River and receives 

river water from several weeks to several months.  There are times during the mid-summer 

where water flow from the Sudbury River into Heard Pond is minimal.  Heard Pond had the 

highest swallow blood Hg levels of all sampling locations (Table 4, Figure 3). 

BioDiversity Research Institute 11 



Swallow Hg levels for the Nyanza risk assessment 

Table 4. Arithmetic mean +/- SD of blood Hg levels (µg/g , ww) in adult tree swallows and their 

eggs, sampled for the Nyanza study, and in salt marshes and lakes in Maine, 2003-2004 
Mean Adult Blood Hg Range Mean Egg Hg Range 

Site ± SD (n) Blood Hg ± SD (n=#clutches) Egg Hg 

Effect CBRs (µg/g, ww) 1.27 0.40 

Sudbury River Reaches 

Reach 3 (Reservoir #2) 0.24 ± 0.19 (17) 0.08-0.67 0.10 ± 0.08 (13) 0.04-0.31 

Reach 4 (Reservoir #1) 0.25 ± 0.12 (11) 0.06-0.47 0.10 ± 0.09 (11) 0.03-0.34 

Reach 7 (Heard Pond area) 0.62 ± 0.29 (18) 0.31-1.3 0.16 ± 0.05 (14) 0.09-0.25 

Reach 8 (GMNWR) 0.54 ± 0.25 (39) 0.20-1.3 0.19 ± 0.09 (43) 0.05-0.46 

Local reference Locations 

Charles River 0.49 ± 0.16 (22) 0.30-1.0 0.13 ± 0.05 (24) 0.07-0.28 

Delaney WMA 0.37 ± 0.03 (6) 0.32-0.41 0.17 ± 0.05 (6) 0.11-0.25 

Sudbury Reservoir 0.12 ± 0.04 (9) 0.07-0.17 0.07 ± 0.04 (9) 0.03-0.16 

Whitehall Reservoir 0.43 ± 0.06 (3) 0.38-0.49 0.15 ± 0.04 (4) 0.09-0.18 

Salt Marsh Studies 

Parker River, MA 0.23 + 0.04 (11) 0.15-0.30 -

Rangeley Lakes, ME 0.33 ± 0.12 (27) 0.18-0.64 0.07 ± 0.03 (19) 0.03-0.14 

Scarborough, ME 0.17 ± 0.11 (21) 0.05-0.51 0.08 ± 0.03 (5) 0.05-0.12 

Wells, ME 0.26 + 0.12 (24) 0.13-0.70 0.12 + 0.06 (9) 0.07-0.24 

Note 1: most of the blood samples were analyzed at Brooks Rand, except for the Whitehall Res., Delaney WMA and 

all salt marsh and Maine samples, which were analyzed at TERL. 

Note 2: we did not find significant differences in Hg levels between the years, therefore we combined the data from 

both 2003 and 2004 to have a more robust sample size to use in summary tables and figures.   In addition, some sites 

were only sampled in one year or sample sizes were too small to summarize the data by year. 

Figure 3. Geometric mean +/- SE of blood Hg levels (µg/g, ww) in tree swallows, 2003-2004. 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

) CC 

C 

B 

AB 

AB 

Reservoir 2   

reach 3 (n=16) 

Reservoir 1 

reach 4 (n=11) 

Sudbury River-

Heard Pond  

reach 7 (n=18) 

Sudbury 

River=reach 8 

(n=39) 

Sudbury Reservoir 

(n=9) 

Delaney WM A 

(n=6) 

Charles River 

(n=22) 

G
eo

m
ea

n
 b

lo
o
d
 H

g
 (

u
g
/g

, 
w

w

Note 1: the same letter indicates non-significant difference between locations, whereas a different letter indicates 

significant difference between locations, the results of statistical tests refer to two analyses:  1) comparing three free-

flowing locations (Sudbury River-Heard Pd, Sudbury River and Charles River) and 2) comparing four reservoirs.  

Note 2: The vertical line divides the Sudbury River locations (on the left) from the reference locations (on the right). 
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Eggs: A one-way ANOVA detected no significant differences in 2003 mean Hg levels in 

eggs collected from Sudbury River in reach 8 and the Charles River (F=0.085, df=43, p<0.77).  

However, the eggs collected in 2004 from reach 8 (GMNWR) had significantly higher Hg levels 

than eggs from reach 7 (Heard Pond) and from the Charles River (F=17, df=36, p<0.0001).  

When the data were pooled across both years, the eggs from reach 8 (GMNWR) had 

significantly higher Hg levels than those from the Charles River, but not from reach 7 (Heard 

Pond) (F=4.2, df=80, p<0.02) (Figure 3A). When comparing the mean egg total Hg levels, it 

was found that the tree swallow eggs collected on the Sudbury River in 2004 had significantly 

higher Hg levels than in 2003 (t = -4.4, df=42, p<0.0001).  On the Charles River, the Hg levels in 

eggs collected in 2004 tended to be lower than in 2003 (Chi Square=3.1; df=1, p<0.08). The 

annual difference in egg Hg might be attributed in part to the time in the nesting season when the 

eggs were collected. Eggs laid earlier in the spring might have lower Hg levels than eggs 

collected later in the season. 

Figure 3A. Mean Hg levels in tree swallow eggs collected at the study sites in 2003-2004. 
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Note 1: The vertical line divides the Sudbury River locations (on the left) from the reference locations (on the right). 

Note 2: The same letter is used to indicate a lack of significant statistical difference among the means, the results of 

statistical tests refer to two analyses:  1) comparing three free-flowing locations (Sudbury River-Heard Pd, Sudbury 

River and Charles River) and 2) comparing four reservoirs. 
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Figure 3B.  Mean feather Hg concentrations in Tree Swallows, 2003-2004. 

Swallow Hg levels for the Nyanza risk assessment 

Feathers: 

Feather Hg levels reflect the body burden of a bird at the time of feather molt.  Typically 

birds from elevated Hg sites tend to bioaccumulate mercury from year to year.  In this study we 

found that Tree Swallow feather Hg on average was higher across all sites in 2004 than 2003 

(Figure 3B). One possible explanation could be that swallows that nested the first year the boxes 

were available were younger than the following year nesting birds. 

There was no statistically significant difference in mean feather Hg among any sites in 

2003 (p<0.07) or 2004 (p<0.8).  However, feather Hg in swallows from Sudbury River (reach 8) 

(t= -5.0; df=32; p<0.0001) and from Charles River (t= -2.4; df=20; p<0.03) were significantly 

higher in 2004 than in 2003 (Figure 3B).  Other sites were not statistically compared because of 

low sample size or because they were sampled in one of the two years only. 
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Note 1: The vertical line divides the Sudbury River locations (on the left) from the reference locations (on 

the right). 

Note 2: The same letter is used to indicate a lack of significant statistical difference between the means, the 

results of statistical tests refer to two analyses:  1) comparing the means of two rivers by year (Sudbury 

River and Charles River) and 2) comparing within site differences between years.  

The feather Hg levels in a few birds recaptured the following year were compared since 

feather Hg levels reflect the Hg body burden of a bird.  The Hg levels increased considerably in 

three of the six birds recaptured and decreased in three of the re-sampled birds (Figure 3C). 
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Figure 3C. Feather total Hg (µg/g) levels in recaptured tree swallows, Nyanza, 2003-2004. 
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Figure 3D. Blood and feather Hg concentrations in Tree 

Swallows sampled from Nyanza study sites, 2003 and 2004. 

Most Hg feather levels ranged between 0.70 and 2.70 µg/g (fw), except for several birds 

from reach 3 (Reservoir 2), which had feather Hg levels above 3.0 µg/g  (fw). The mean log-

transformed feather Hg level in swallows from reach 7 (Heard Pond) was significantly higher 

than in swallows from the Charles River when the 2003 and 2004 data were pooled (Tukey’s 

pairwise comparison test, q=2.9). No significant difference was found when the data were 
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analyzed separately by year (ANOVA: F=2.3, p<0.2) (Figure 3B). The lack of feather Hg 

differences in 2003 may be because no tree swallows were captured from Heard Pond area of 

reach 7 in 2003.  The feather Hg levels were significantly higher in tree swallows from the 

Charles River (Chi square=4.26, p<0.04) and Sudbury River (Chi square=14.2, p<0.0002) in 

2004 than in 2003. The feather Hg data from tree swallows re-sampled in the same year were 

not used in statistical analyses. 

7.4 Comparing tree swallow Hg levels from the two Sudbury River reservoir locations 

Blood: Reach 3 (Reservoir 2) and Reach 4 (Reservoir 1) are the Sudbury River 

reservoirs that have been the most impacted by historical Hg releases from the Nyanza 

Superfund Site. The local reference reservoirs consisted of the Sudbury Reservoir, Whitehall 

Reservoir (eliminated from the study), and the Delaney WMA.  The mean blood Hg level 

measured in adult tree swallows captured on the Sudbury Reservoir was half the value measured 

on reach 3 and reach 4 (Table 4, Figure 3). On the other hand, the average adult swallow blood 

Hg level measured on the Delaney WMA and Whitehall Reservoir was between 50-100% higher 

than in reaches 3 and 4. Swallow blood Hg levels measured in reaches 3 and 4 were equivalent 

to those measured on contaminated estuaries in the Scarborough Marsh State Game Area and the 

Rachael Carson National Wildlife Refuge in Maine, and reservoirs in the Rangeley Lakes area in 

Maine (Table 4). 

Statistical testing on log-transformed data indicated that the mean blood Hg levels in tree 

swallows from the Delaney WMA and reach 4 were significantly higher than in the tree 

swallows from Sudbury Reservoir (F=6.3, df=41, p<0.002).  However, those values were below 

the effect CBR of 1.27 µg/g (ww).  No significant difference was found between the mean blood 

Hg levels measured in reach 3 and the remaining reservoirs  (Tukey’s test) (Figure 3). 

Whitehall Reservoir was excluded from the data analysis because this site was eliminated from 

the study design shortly after sample collection was initiated early in the spring of 2003. 

Several parameters are important for proper interpretation of Hg exposure in tree 

swallows. Adult and nestling data cannot be pooled for statistical analysis because adult blood 

Hg levels are usually significantly greater than nestling blood Hg levels (Evers et al. 2005).  

However, in this study, nestling blood Hg levels followed similar pattern as adult levels (Figure 

4). The analytical data from BRL and TERL were pooled together because the nestling blood 
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samples from only the Sudbury Reservoir and reaches 3 and 4 were analyzed at BRL, whereas 

all of the other blood samples were analyzed at TERL.  The nestling blood Hg data were log 

transformed before they were subjected to a one- way ANOVA.  The results showed that 

nestlings from reaches 7 and 8 and the Charles Rivers had significantly higher blood Hg levels 

than nestlings from reaches 3 and 4 and the Delaney WMA.  

Eggs:  Swallow egg Hg levels for reservoir systems tended to be highest in Delaney 

WMA and lowest in reach 3 and the Sudbury Reservoir (Figure 3A). The tree swallow egg Hg 

levels measured in reaches 3 and 4 were equivalent to those measured in the Maine sampling 

areas (Table 4). Residue data were pooled across years for statistical analysis because only 

reaches 3 and 4 were sampled in 2004.  Results from a one-way ANOVA showed that only the 

tree swallow eggs from the Sudbury Reservoir were marginally lower than those collected from 

the Delaney WMA (F=2.6, df=38, p<0.06). 

Standard comparisons require knowledge of egg-laying order or acceptance of large 

variation because the within-clutch Hg levels appeared to be significantly different.  The largest 

egg did not necessarily have higher Hg levels than other eggs within the clutch.  This observation 

meant that the largest egg would not always be the first one laid. 

Nestling blood: Blood samples from nestling tree swallows were only collected in 2003. 

The mean concentrations were the highest in reach 7 and reach 8 (combined) on the Sudbury 

River (Figure 4). 

Figure 4. Mean nest tree swallow nestling blood Hg levels from the Nyanza study area, 

2003, n=# of nests. 
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Note 1: The samples collected from reach 8, the Charles River, and the Delaney WMA were analyzed at TERL; the 

samples collected from reach 3, reach 4, and the Sudbury Reservoir were analyzed at BRL 

Note 2: The vertical line divides the Sudbury River locations (on the left) from the reference locations (on the right). 

Note 3: Here reach 7 indicates the Sudbury River stretch not Heard Pond. 

Resampled birds’ blood Hg concentrations. Lastly, blood Hg levels in six adult tree swallows 

sampled the same year at two different times did not show a consistent increasing or decreasing 

pattern, even after three weeks (Figure 5). 

Figure 5. Blood Hg 

levels in Tree Swallows 

sampled in 

Massachusetts and 

resampled at a later date 

in the same breeding 

season. 
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The two drops in Hg levels between the initial and subsequent sampling may represent 

Hg depuration into the eggs. It is possible that blood Hg levels declined after egg laying for a 

short while before climbing up again. 

Several birds re-sampled in the following year indicated that in most cases blood Hg 

levels remained similar to the previous year, even when the birds relocated to a new site (Figure 

6). Only in one case in reach 7 (Heard Pond) did the bird’s blood Hg levels double between 

2003 and 2004 (Figure 6). 
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Figure 6. Blood Hg 

concentrations in 

Tree Swallows 

sampled in 

Massachusetts in 

2003 and re-

sampled the 

following year. 
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8.0 Conclusions 

x In the reservoir systems, the mean blood Hg levels in adult tree swallows were highest in 

birds from Whitehall Reservoir and lowest in birds from the Sudbury Reservoir.  The 

mean blood Hg levels in tree swallows captured in reach 3 (Reservoir 2) and reach 4 

(Reservoir 1) on the Sudbury River were intermediate. 

x In the free-flowing stretches, the mean blood Hg levels in adult swallows were not 

statistically different between reach 7 (Heard Pond), reach 8 (GMNWR), and the Charles 

River; 

x All of the blood Hg levels in adult tree swallows were below the effect CBR of 1.27 µg/g 

(ww), except for one bird from the Charles River and one from reach 8 (GMNWR); 

x All of the tree swallow egg Hg levels were below the effect CBR of 0.40 µg/g (ww), 

except for four eggs collected from reach 8 (GMNWR); 

x Generally, Hg levels in adult and nestling blood, and eggs followed similar patterns; 
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x	 Based on a small number of adult re-captures, no consistent pattern was found in blood 

Hg levels between early in the breeding season (during incubation) and later in the 

breeding season (during chick rearing); 

x	 The blood Hg levels in adult tree swallows captured from sites in Maine contaminated 

with Hg from atmospheric deposition tended to be higher than those measured in reach 3 

(Reservoir 2) and reach 4 (Reservoirs 1), but lower than those measured in reach 7 

(Heard Pond), reach 8 (GMNWR), and the Charles River. 
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Appendix I. Tree Swallow sampling locations, Nyanza Study, 2003 and 2004. 
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Appendix II. Regression model analysis for Tree Swallow blood-egg relationship. 

(Mike Newman, Virginia Institute of Marine Sciences, College of William and Mary) 

The regression modeling conducted by BRI was reviewed in January 2006 at the 
request of the U.S. Fish and Wildlife Service. The associated data were 
analyzed using SAS after some minor transformation and assumptions were 
made. First, a univariate statistic was applied instead of using the data for each 
egg directly because eggs taken from each nest varied in number and laying 
order. There was no reason to assume a normal distribution for these sparse 
clutch data so the geometric mean of clutch eggs was chosen as the statistic 
instead of the arithmetic mean. The error associated with blood Hg was judged to 
be quite small relative to that associated with the geometric mean of the egg Hg 
concentrations. This was based on subjective knowledge of the 
accuracy/precision of the Hg analyses, not a rigorous examination of the 
associated QC/QA data for the blood analyses. Therefore, a conventional 
predictive regression method was applied to the BRI modeling. However, the 
geometric mean of egg Hg concentrations was used as the dependent variable 
instead of the arithmetic mean. 

Preliminary data plots suggested that a linear, unweighted regression model be 
applied to untransformed data:  Geometric Mean [Hg]egg = 0.4554[Hg]blood -

0.047� where data were assumed to be sufficiently normally distributed and the 
independence of the value of [Hg]blood was allowed for useful prediction in the 
region of interest. The assumptions associated with the error term were 
explored as detailed in the SAS output shown below. 

Because the focus of the modeling was prediction, prediction residual analyses 
were also done as well as plots of actual observations, predicted values, and 
Upper/Lower 95% confidence intervals for the individual predictions. 

1. 	The use of a Type 1 (predictive) regression model is rejected because the 
strict requirement of a Type 1 model is that the independent variable be 
known without any error. In practice, Type 1 models are avoided if the 
independent variable has enough error to make its predictions suspect. 
My judgment is that the error in the blood Hg analyses is small relative to 
the egg geometric mean mercury concentration and a Type 1 model was 
applied to make predictions. 

2. 	The normality of residuals was assessed (see page 2 of the SAS output 
below) using PROC UNIVARIATE tests. None of the four conventional 
normality tests rejected the null hypothesis of a normal distribution.  The 
normal plot on page 4 shows good agreement with a normal distribution 
with some deviations at the higher values. 

3. 	Heteroscadasticity was assessed by plotting the residuals against the 
independent variable (page 11 of output).  The lowest blood mercury 
values had less variability than the other observations but the trend was 
not obvious enough to warrant data transformations or regression 
weighting. To further bolster acceptance of the assumption of 
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homoscadasticity, I noted that the plots of prediction residuals (pages 7 or 
10 of the output) did not suggest a problem with predictions in the region 
of interest. 

4. 	There was reason to assume that the eggs within a clutch are dependent 
so I rejected this approach in the regression analyses.  The inferences or 
predictions are made about geometric means of egg mercury 
concentrations, not individual eggs so the point being made is not relevant 
to the analyses shown here. 

5. 	The residual plot for the original model did not clearly suggest the need for 
a log transformation. 

6. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg 
Hg is 1.5 ug/g Blood Hg. 

7. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg 
Hg is 1.5 ug/g Blood Hg. 

8. 	Regardless, the variability in the model could argue for a conservative 
stance, i.e., use the lower 95% fiducial limit instead of the mean predicted 
value. Also, a conservative stance appears prudent because predictions 
are made for clutch geometric means, not individual eggs. 

SAS Output – July 3, 2006 
Regression Analysis of Tree Swallow Blood Hg/Geometric Mean Egg HG Data 

The SAS System    14:25 Monday, July 3, 2006  1

   The REG Procedure 
 Model: MODEL1 

 Dependent Variable: EGGHG
  Analysis of Variance 

  Sum of   Mean 
  Source DF  Squares Square F Value    Pr > F 

  Model  1

  Error  97

  Corrected Total 98


 0.31632  0.31632  104.99    <.0001 
 0.29225  0.00301 
 0.60857 

Root MSE  0.05489 R-Square  0.5198 
Dependent Mean  0.13973 Adj R-Sq  0.5148 
Coeff Var 39.28371 

  Parameter Estimates 
 Parameter     Standard 

  Variable    DF Estimate    Error    t Value   Pr > |t| 
  Intercept 1  0.04264  0.01096   3.89 0.0002 
  BLOODHG 1  0.23673  0.02310  10.25 <.0001 

 The SAS System  14:25 Monday, July 3, 2006 2 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Moments 
N 99  Sum Weights  99 
Mean  0  Sum Observations  0 
Std Deviation   0.05460929  Variance   0.00298217 
Skewness  0.11241816  Kurtosis   0.87935874 
Uncorrected SS  0.29225307  Corrected SS   0.29225307 
Coeff Variation  .  Std Error Mean   0.00548844 

 Basic Statistical Measures 
 Location  Variability 

  Mean 0.00000  Std Deviation   0.05461 
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  Median   -0.00525  Variance  0.00298 
  Mode  . Range  0.30237 

Interquartile Range   0.06927 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  0   Pr > |t|    1.0000 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -30    Pr >= |S|   0.9172

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.981098  Pr < W   0.1665 
Kolmogorov-Smirnov   D  0.064282  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.054131  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.475942  Pr > A-Sq   0.2394 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.14864095
 99%    0.14864095
 95%    0.07753801
 90%    0.06763168
 75% Q3   0.03674980
 50% Median  -0.00524604
 25% Q1  -0.03251554 

 The SAS System  14:25 Monday, July 3, 2006 3 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Quantiles (Definition 5)
 Quantile Estimate
 10%   -0.06276059
 5%  -0.08947494
 1%  -0.15372734
 0% Min   -0.15372734

  Extreme Observations 
 -------Lowest------  ------Highest----- 

  Value  Obs   Value   Obs 
 -0.1537273   89  0.077538   95 
 -0.1436161   71  0.124758   43 
 -0.1080088   65  0.137627   13 
 -0.1078949   11  0.141023   94 
 -0.0894749   79  0.148641   90 

Stem Leaf #  Boxplot 
  14 19  2  0
  12 58  2  |
 10  |
 8  |

   6 04892458   8  |
   4 22247777823  11  |
   2 23459245679  11  +-----+ 
   0 0356677233559 13  | +  | 
  -0 877544887665532  15  *-----* 
  -2 9863209888765211 16  +-----+ 
  -4 86977765531  11  |
  -6 43953  5  |
  -8 9 1  |
 -10 88  2  |
 -12 
 -14 44  2  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 4 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Normal Probability Plot 
0.15+ * * 

| **  ++++ 
|  +++ 
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0.09+ ++++ 
|    +****** 
|  ***** 

0.03+  ****
 | +**** 
|  ***** 

  -0.03+  ****** 
| ***** 
| ****++ 

  -0.09+ +*++ 

| ++** 


  |++++ 

  -0.15+* * 

   +----+----+----+----+----+----+----+----+----+----+ 
-2 -1 0 +1  +2 

 The SAS System  14:25 Monday, July 3, 2006 5 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Moments 
N 99  Sum Weights  99 
Mean   -0.0001244  Sum Observations    -0.0123165 
Std Deviation   0.05663067  Variance   0.00320703 
Skewness  0.08791625  Kurtosis   1.14463193 
Uncorrected SS  0.31429076  Corrected SS   0.31428923 
Coeff Variation  -45519.704  Std Error Mean 0.0056916 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -0.00012  Std Deviation   0.05663 
  Median   -0.00531  Variance  0.00321 
  Mode  . Range  0.33031 

Interquartile Range   0.07000 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -0.02186    Pr > |t|    0.9826 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -34    Pr >= |S|   0.9062

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.979086  Pr < W   0.1165 
Kolmogorov-Smirnov   D  0.069727  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.062547  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.534278  Pr > A-Sq   0.1748 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.16656644
 99%    0.16656644
 95%    0.07945935
 90%    0.06870225
 75% Q3   0.03714341
 50% Median  -0.00530742
 25% Q1  -0.03285370 

 The SAS System  14:25 Monday, July 3, 2006 6 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Quantiles (Definition 5)
 Quantile Estimate
 10%   -0.06342112
 5%  -0.09048422
 1%  -0.16373872
 0% Min   -0.16373872

  Extreme Observations 

 -------Lowest------  
  Value  Obs  

 -0.1637387   71
 -0.1572261   89
 -0.1113461   65
 -0.1095890   11

------Highest------ 
  Value   Obs 

 0.0794593    95
 0.1264071    43
 0.1393174    13
 0.1430300    94 
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 -0.0904842   79  0.1665664    90 

Stem Leaf #  Boxplot 
  16 7 1  0
  14 3 1  0
  12 69  2  |
 10  |
 8  |

   6 15903569   8  |
   4 033357888035  12  |
   2 2355025667 10  +-----+ 
   0 0356688233559 13  | | 
  -0 888554887765532  15  *--+--* 
  -2 973210998875311  15  +-----+ 
  -4 970888755330  12  |
  -6 5463 4  |
  -8 01  2  |
 -10 10  2  |
 -12 
 -14 7 1  0
 -16 4 1  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Normal Probability Plot 
0.17+ * 

| * + 
| **  +++ 
| ++++ 
| +++ 
|    +****** 
|  ***** 
|  ****
 |  **** 
|  ***** 
|  ****** 
| ***** 
|  ***++ 
|  **+ 
| ++** 

  | +++ 
|+ * 

  -0.17+* 
   +----+----+----+----+----+----+----+----+----+----+ 

-2 -1 0 +1  +2 
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Obs   BLOODHG   PEGGHG    LOWER  UPPER  EGGHG   PREDRES   REGRES 
1    0.463   0.15225   0.04273  0.26177  0.189   0.03714   0.03675 
2    0.796   0.23108   0.12017  0.34199  0.279   0.04973   0.04792 
3    0.707   0.21001   0.09968  0.32035  0.257   0.04823   0.04699 
4    0.292   0.11177   0.00214  0.22139  0.172   0.06100   0.06023 
5    0.368   0.12976   0.02025  0.23927  0.067  -0.06342  -0.06276 
6    0.483   0.15698   0.04744  0.26653  0.110  -0.04751  -0.04698 
7    0.383   0.13331   0.02381  0.24281  0.119  -0.01446  -0.01431 
8    0.390   0.13497   0.02547  0.24446  0.150   0.01519   0.01503 
9    0.439   0.14657   0.03707  0.25607  0.189   0.04287   0.04243 
10    0.459   0.15130   0.04179  0.26082  0.086  -0.06600  -0.06530 
11    0.584   0.18089   0.07111  0.29068  0.073  -0.10959  -0.10789 
12    0.380   0.13260   0.02310  0.24210  0.180   0.04789   0.04740 
13    0.303   0.11437   0.00477  0.22397  0.252   0.13932   0.13763 
14    0.341   0.12337   0.01383  0.23291  0.136   0.01277   0.01263 
15    0.410   0.13970   0.03021  0.24919  0.212   0.07303   0.07230 
16    0.386   0.13402   0.02453  0.24352  0.140   0.00604   0.00598 
17    0.191   0.08786  -0.02209  0.19781  0.049  -0.03960  -0.03886 
18    0.106   0.06774  -0.04264  0.17811  0.060  -0.00795  -0.00774 
19    0.727   0.21475   0.10430  0.32520  0.194  -0.02134  -0.02075 
20    0.171   0.08312  -0.02691  0.19316  0.157   0.07540   0.07388 
21    0.111   0.06892  -0.04143  0.17927  0.067  -0.00197  -0.00192 
22    0.134   0.07437  -0.03585  0.18459  0.068  -0.00652  -0.00637 
23    0.119   0.07081  -0.03949  0.18112  0.033  -0.03879  -0.03781 
24    0.071   0.05945  -0.05114  0.17004  0.037  -0.02316  -0.02245 
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Swallow Hg levels for the Nyanza risk assessment 

25    0.168   0.08241  -0.02764  

26    0.105   0.06750  -0.04288  

27    0.244   0.10041  -0.00935  

28    0.510   0.16338   0.05379  

29    0.385   0.13379   0.02429  

30    0.244   0.10041  -0.00935  

31    0.338   0.12266   0.01312  

32    0.501   0.16125   0.05168  

33    0.244   0.10041  -0.00935  

34    0.296   0.11272   0.00310  

35    0.556   0.17427   0.06457  

36    0.684   0.20457   0.09436  

37    0.598   0.18421   0.07438  

38    0.470   0.15391   0.04438  

39    0.195   0.08881  -0.02113  

40    0.335   0.12195   0.01240  

41    0.336   0.12219   0.01264  

42    0.291   0.11153   0.00191  

43    0.539   0.17024   0.06059  

44    0.374   0.13118   0.02168  

45    0.583   0.18066   0.07088  

46    0.147   0.07744  -0.03271  

47    0.217   0.09401  -0.01583  

48    0.229   0.09685  -0.01295  

49    0.233   0.09780  -0.01199  

50    0.281   0.10916  -0.00049  

51    0.284   0.10988   0.00023  


0.19247  0.054  -0.02901  -0.02841 
0.17788  0.099   0.03236   0.03150 
0.21016  0.072  -0.02884  -0.02841 
0.27296  0.117  -0.04693  -0.04638 
0.24328  0.146   0.01234   0.01221 
0.21016  0.086  -0.01462  -0.01441 
0.23220  0.147   0.02461   0.02434 
0.27082  0.156  -0.00531  -0.00525 
0.21016  0.123   0.02294   0.02259 
0.22233  0.113   0.00029   0.00028 
0.28396  0.144  -0.03069  -0.03027 
0.31478  0.212   0.00761   0.00743 
0.29404  0.231   0.04757   0.04679 
0.26343  0.198   0.04457   0.04409 
0.19874  0.131   0.04298   0.04219 
0.23149  0.094  -0.02826  -0.02795 
0.23173  0.127   0.00487   0.00481 
0.22116  0.119   0.00756   0.00747 
0.27989  0.295   0.12641   0.12476 
0.24068  0.095  -0.03656  -0.03618 
0.29044  0.245   0.06535   0.06434 
0.18760  0.048  -0.03012  -0.02944 
0.20386  0.097   0.00304   0.00299 
0.20666  0.048  -0.04964  -0.04885 
0.20759  0.113   0.01544   0.01520 
0.21882  0.115   0.00591   0.00584 
0.21952  0.067  -0.04344  -0.04288 

 The SAS System  14:25 Monday, July 3, 2006 

Obs   BLOODHG   PEGGHG    LOWER

 52    0.296   0.11272   0.00310  

53    0.303   0.11437   0.00477  

54    0.320   0.11840   0.00883  

55    0.328   0.12029   0.01074  

56    0.334   0.12171   0.01217  

57    0.346   0.12455   0.01502  

58    0.698   0.20788   0.09760  

59    0.346   0.12455   0.01502  

60    0.305   0.11485   0.00525  

61    0.443   0.14752   0.03801  

62    0.411   0.13994   0.03045  

63    0.542   0.17095   0.06129  

64    0.514   0.16432   0.05473  

65    0.745   0.21901   0.10845  

66    0.446   0.14823   0.03872  

67    0.312   0.11650   0.00692  

68    0.325   0.11958   0.01002  

69    0.413   0.14041   0.03092  

70    0.423   0.14278   0.03329  

71    1.208   0.32862   0.21317  

72    0.851   0.24410   0.13276  

73    0.586   0.18137   0.07158  

74    0.555   0.17403   0.06434  

75    0.181   0.08549  -0.02450  

76    0.267   0.10585  -0.00384  

77    0.470   0.15391   0.04438  

78    0.234   0.09804  -0.01175  

79    0.333   0.12147   0.01193  

80    0.180   0.08525  -0.02474  

81    0.063   0.05756  -0.05308  

82    0.159   0.08028  -0.02981  

83    0.062   0.05732  -0.05333  

84    0.178   0.08478  -0.02523  

85    0.134   0.07437  -0.03585  

86    0.167   0.08218  -0.02788  

87    0.667   0.20054   0.09042  

88    0.131   0.07365  -0.03658  

89    0.672   0.20173   0.09158  

90    1.152   0.31536   0.20071  

91    0.635   0.19297   0.08299  

92    0.581   0.18018   0.07041  

93    0.822   0.23724   0.12613  

94    0.559   0.17498   0.06527  

95    0.692   0.20646   0.09621  

96    1.310   0.35276   0.23575  

97    0.769   0.22469   0.11397  

98    0.345   0.12432   0.01478  

99    0.586   0.18137   0.07158  


 UPPER  EGGHG   PREDRES   REGRES 
0.22233  0.068  -0.04528  -0.04472 
0.22397  0.097  -0.01759  -0.01737 
0.22797  0.165   0.04715   0.04660 
0.22985  0.073  -0.04783  -0.04729 
0.23126  0.104  -0.01791  -0.01771 
0.23408  0.080  -0.04504  -0.04455 
0.31817  0.242   0.03498   0.03412 
0.23408  0.122  -0.00258  -0.00255 
0.22444  0.134   0.01939   0.01915 
0.25702  0.115  -0.03285  -0.03252 
0.24943  0.082  -0.05853  -0.05794 
0.28061  0.124  -0.04758  -0.04695 
0.27392  0.159  -0.00539  -0.00532 
0.32957  0.111  -0.11135  -0.10801 
0.25773  0.092  -0.05681  -0.05623 
0.22609  0.156   0.03997   0.03950 
0.22914  0.088  -0.03194  -0.03158 
0.24990  0.132  -0.00850  -0.00841 
0.25227  0.128  -0.01493  -0.01478 
0.44406  0.185  -0.16374  -0.14362 
0.35544  0.203  -0.04302  -0.04110 
0.29116  0.249   0.06870   0.06763 
0.28372  0.210   0.03647   0.03597 
0.19548  0.068  -0.01784  -0.01749 
0.21554  0.081  -0.02520  -0.02485 
0.26343  0.081  -0.07370  -0.07291 
0.20783  0.140   0.04263   0.04196 
0.23102  0.032  -0.09048  -0.08947 
0.19525  0.059  -0.02678  -0.02625 
0.16820  0.052  -0.00574  -0.00556 
0.19038  0.102   0.02219   0.02172 
0.16797  0.092   0.03581   0.03468 
0.19479  0.064  -0.02120  -0.02078 
0.18459  0.047  -0.02803  -0.02737 
0.19223  0.151   0.07027   0.06882 
0.31067  0.230   0.03011   0.02946 
0.18389  0.067  -0.00682  -0.00665 
0.31187  0.048  -0.15723  -0.15373 
0.43001  0.464   0.16657   0.14864 
0.30294  0.245   0.05304   0.05203 
0.28996  0.255   0.07598   0.07482 
0.34834  0.250   0.01330   0.01276 
0.28468  0.316   0.14303   0.14102 
0.31671  0.284   0.07946   0.07754 
0.46977  0.284  -0.08124  -0.06876 
0.33541  0.278   0.05512   0.05331 
0.23385  0.050  -0.07513  -0.07432 
0.29116  0.206   0.02502   0.02463 
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Swallow Hg levels for the Nyanza risk assessment 

 The SAS System  14:25 Monday, July 3, 2006  10

  Plot of EGGHG*BLOODHG.   Symbol used is '*'. 
  Plot of PEGGHG*BLOODHG.  Symbol used is 'P'. 
  Plot of LOWER*BLOODHG.   Symbol used is 'L'. 
  Plot of UPPER*BLOODHG.   Symbol used is 'U'. 

EGGHG ‚ 
‚ 

  0.5 ˆ 
‚ 
‚  * U 
‚  U 
‚  U 
‚ 

  0.4 ˆ 
‚ 
‚ 
‚   UU U   P 
‚  UUU  P 
‚ * UUU  P 

  0.3 ˆ  *   U U
 ‚  UUUU * * * * 
‚  UUUU 
‚  *  U UUU   * *  * * P 
‚ UUUU  *  *   PP L 
‚ UUUU * *   *P PPP  L 

  0.2 ˆ UUUUU  * *  P PPP * * L 

‚    UUUUU  *  * *  PP  * 

‚  U    **    P*PPP 

‚ * **  * PPPPP*  * 

‚   * *   * * P* * L L 

‚  ** **PP* * * * * *   *L L 


  0.1 ˆ  * * * *PPP * * *  *   LL L 

‚   PPPP ** ** * *  L L 

‚  P *** * * ** * *   LLL*L 

‚  *  **** *  *  LLLL  * 

‚  * * *  L LLL 

‚ LLLLL 


  0.0 ˆ  LLLL 

‚  LLLLL 

‚ LLLLL 

‚  L L 

‚ 

‚ 


 -0.1 ˆ 

‚ 


Šƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒ 
ƒ

 0.0  0.2  0.4  0.6  0.8  1.0  1.2 
1.4 

BLOODHG 

NOTE: 184 obs hidden. 

 The SAS System  14:25 Monday, July 3, 2006  11

  Plot of REGRES*BLOODHG.  Symbol used is '*'. 

‚ 


   0.15 ˆ * 

‚ * * 

‚ 

‚ * 

‚ 

‚ 


   0.10 ˆ 
‚ 

‚ 

‚ * *  * * 

‚ * * 

‚ * 


   0.05 ˆ * *

‚ * *   * 

‚   * *  

‚ * * *

 ‚ * * *  *


R ‚ *  *  *
e 0.00 

* *   *  * * 
* * 
* *   * * 

* 
* 

* 
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Swallow Hg levels for the Nyanza risk assessment 

ˆƒƒƒƒƒƒƒƒ*ƒƒƒƒƒ*ƒƒƒƒ*ƒƒ*ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 

s ‚   * * *  * ** 

i ‚ *  * * *  * *  * 

d ‚ *   * **  ** * 

u ‚ *   * * * * 

a ‚ * *    ** * * 

l -0.05 ˆ * *    * * * 


‚  * * 
‚ * * 

*
 ‚ * * 
‚ 
‚ * 

  -0.10 ˆ 
‚ * * 
‚ 
‚ 
‚ 
‚ * 


  -0.15 ˆ * 

‚ 

‚ 

‚ 

‚ 

‚ 


  -0.20 ˆ 

‚ 


Šƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒ 
  0.0   0.2   0.4   0.6   0.8   1.0   1.2 

1.4

 BLOODHG    NOTE: 5 obs hidden. 
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The UNIVARIATE Procedure
   Variable:  PREDDEV 

 Moments 
N 99  Sum Weights  99 
Mean   -19.223262  Sum Observations  -1903.103 
Std Deviation   60.4238838  Variance   3651.04573 
Skewness  -2.4669797  Kurtosis   9.12709701 
Uncorrected SS 394386.33  Corrected SS   357802.482 
Coeff Variation -314.3269  Std Error Mean   6.07282882 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -19.2233  Std Deviation  60.42388 
  Median -3.3889  Variance  3651 
  Mode  . Range   382.83913 

Interquartile Range  59.94319 

 Tests for Location: Mu0=0 

Test    -Statistic-    -----p Value------
Student's t t  -3.16545    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -629    Pr >= |S|   0.0274 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  55.28469 
99% 55.28469 
95% 42.84985 
90% 32.80966 
75% Q3 19.82892 
50% Median -3.38887 
25% Q1    -40.11427 
10%    -88.50741 
5%   -117.54023 
1%   -327.55444 
0% Min   -327.55444 

 The SAS System 14:25 Monday, July 3, 2006  13 

The UNIVARIATE Procedure 
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Swallow Hg levels for the Nyanza risk assessment 

   Variable:  PREDDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -327.554   89  42.8498 43 
   -282.763   79  45.2627 94 
   -150.262   98  46.5352 86 
   -150.122   11  48.0262 20 
   -117.540   23  55.2847 13 

 The SAS System  14:25 Monday, July 3, 2006  14 

The UNIVARIATE Procedure
   Variable:  REGRDEV 

 Moments 
N 99  Sum Weights  99 
Mean  -18.81333  Sum Observations    -1862.5197 
Std Deviation   59.2653479  Variance   3512.38147 
Skewness -2.478374  Kurtosis   9.18110185 
Uncorrected SS  379253.582  Corrected SS   344213.384 
Coeff Variation  -315.01785  Std Error Mean   5.95639158 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -18.8133  Std Deviation  59.26535 
  Median -3.3482  Variance  3512 
  Mode  . Range   374.87919 

Interquartile Range  59.08249 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -3.15851    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -624    Pr >= |S|   0.0287 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  54.61391 
99% 54.61391 
95% 42.29089 
90% 32.03469 
75% Q3 19.44434 
50% Median -3.34815 
25% Q1    -39.63815 
10%    -79.30386 
5%   -114.58828 
1%   -320.26529 
0% Min   -320.26529 

 The SAS System  14:25 Monday, July 3, 2006 15 

The UNIVARIATE Procedure
   Variable:  REGRDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -320.265   89  42.2909 43 
   -279.609   79  44.6277 94 
   -148.631   98  45.5779 86 
   -147.801   11  47.0546 20 
   -114.588   23  54.6139 13 

SAS CODE Including Data Used to Generate the Above Output 
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Swallow Hg levels for the Nyanza risk assessment 

Blood Hg Egg #1 Hg Egg #2 Hg Egg #3 Hg Egg # 4 Hg Egg # 5 Hg GeoMean Egg 

0.463 0.152 0.235 0.189 

0.796 0.200 0.332 0.334 0.273 0.279 

0.707 0.257 0.257 

0.292 0.172 0.172 

0.368 0.067 0.067 

0.483 0.131 0.092 0.110 

0.383 0.119 0.119 

0.390 0.150 0.150 

0.439 0.192 0.186 0.189 

0.459 0.086 0.086 

0.584 0.073 0.073 

0.346 0.122 0.122 

0.305 0.134 0.134 

0.443 0.115 0.115 

0.411 0.082 0.082 

0.380 0.180 0.180 

0.303 0.252 0.252 

0.341 0.136 0.136 

0.410 0.212 0.212 

0.386 0.140 0.140 

0.147 0.048 0.048 

0.217 0.097 0.097 

0.229 0.048 0.048 

0.233 0.113 0.113 

0.281 0.115 0.115 

0.284 0.067 0.067 

0.296 0.068 0.068 

0.303 0.097 0.097 

0.320 0.165 0.165 

0.328 0.073 0.073 

0.334 0.104 0.104 

0.346 0.080 0.080 

0.698 0.242 0.242 

0.542 0.124 0.124 

0.514 0.159 0.159 

0.745 0.111 0.111 

0.446 0.092 0.092 

0.312 0.175 0.139 0.156 

0.325 0.088 0.088 

0.413 0.132 0.132 

0.423 0.128 0.128 

1.208 0.185 0.185 

0.851 0.203 0.203 

0.586 0.249 0.249 

0.555 0.210 0.210 

0.191 0.049 0.049 

0.181 0.068 0.068 

0.267 0.081 0.081 

0.470 0.081 0.081 

0.234 0.114 0.172 0.140 

0.333 0.032 0.032 

0.180 0.059 0.059 

0.063 0.042 0.065 0.052 

0.159 0.072 0.145 0.102 

0.106 0.060 0.060 

0.062 0.092 0.092 

0.178 0.061 0.062 0.067 0.066 0.064 

0.134 0.048 0.046 0.047 

0.667 0.230 0.151 

0.185 0.308 0.230 

0.131 0.067 0.067 

0.672 0.048 0.048 

0.727 0.193 0.196 0.194 

0.171 0.157 0.157 

0.111 0.067 0.067 

0.134 0.049 0.093 0.068 

0.119 0.033 0.033 

0.071 0.052 0.026 0.037 

0.168 0.054 0.054 

0.105 0.099 0.099 

0.244 0.072 0.072 

0.510 0.117 0.117 
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Swallow Hg levels for the Nyanza risk assessment 

Appendix III. Summary of Tree Swallow blood Hg sampling effort. 

Band # Box # Site Age Sex Latitude Longitude Lab Blood ID Blood Hg Lab Lab Feather Id Feather Hg 

1821-173-21 DL09SB Delaney adult female 42.445900 -71.546490 DLBBTS0005-0-030606 0.380 TERL 

1851-994-02 DL09SB Delaney juvenile unknown 42.445900 -71.546490 DLBBTS0019-0-030627 0.024 TERL 

1821-173-20 DL06SB Delaney juvenile unknown 42.448900 -71.548080 DLBBTS0010-0-030612 0.029 TERL 

1821-173-63 DL01SB Delaney juvenile unknown 42.447950 -71.546510 DLBBTS0015-0-030624 0.029 TERL 

1821-173-65 DL01SB Delaney juvenile unknown 42.447950 -71.546510 DLBBTS0017-0-030624 0.031 TERL 

1821-173-64 DL01SB Delaney juvenile unknown 42.447950 -71.546510 DLBBTS0016-0-030624 0.031 TERL 

1821-173-61 DL07SB Delaney juvenile unknown 42.449230 -71.547990 DLBBTS0013-0-030624 0.036 TERL 

1821-173-62 DL01SB Delaney juvenile unknown 42.447950 -71.546510 DLBBTS0014-0-030624 0.037 TERL 

1821-173-10 DL07SB Delaney WMA adult female 42.449230 -71.547990 DLBBTS0004-0-030529 0.334 TERL 

1821-173-08 DL03SB Delaney WMA adult female 42.447820 -71.547400 DLBBTS0002-0-030529 0.371 TERL 

1821-173-09 DL06SB Delaney WMA adult female 42.448900 -71.548080 DLBBTS0003-0-030529 0.386 TERL 

1821-173-07 DL01SB Delaney WMA adult female 42.447950 -71.546510 DLBBTS0001-0-030529 0.410 TERL 

1851-994-05 ? Delaney WMA juvenile unknown DLBBTS0019-0-030702 0.034 TERL 

1851-994-06 ? Delaney WMA juvenile unknown DLBBTS0020-0-030702 0.034 TERL 

1851-994-07 ? Delaney WMA juvenile unknown DLBBTS0021-0-030702 0.035 TERL 

1851-994-04 ? Delaney WMA juvenile unknown DLBBTS0018-0-030702 0.040 TERL 

1821-175-28 Heard-09 Heard Pond adult female 42.348450 -71.385580 S7-3-BBTS1001-0-040525 0.542 Brooks Rand 

1821-175-29 Heard-16 Heard Pond adult female 42.350000 -71.381690 S7-3-BBTS1002-0-040525 0.514 Brooks Rand 

1821-175-30 Heard-18 Heard Pond adult female 42.350200 -71.380290 S7-3-BBTS1003-0-040525 0.745 Brooks Rand 

1821-173-16 Res1-06SB Reservoir 1 adult female 42.291880 -71.441600 R1BBTS0001-0-030530 0.191 Brooks Rand R1BFTS0001-0-030530 0.794 

1821-175-17 R40411 Reservoir 1 adult female 42.488610 -71.842780 S4-0-BBTS1011-0-040526 0.063 Brooks Rand 

1821-175-03 R40413 Reservoir 1 adult female 42.292770 -71.443410 S4-0-BBTS1006-0-040513 0.159 Brooks Rand 

1821-175-05 R40410 Reservoir 1 adult female 42.290890 -71.445890 S4-0-BBTS1004-0-040513 0.180 Brooks Rand 

1821-175-06 gm2-09 old Reservoir 1 adult female 42.288680 -71.448060 S4-0-BBTS1003-0-040513 0.181 Brooks Rand 

1821-175-15 R40406 Reservoir 1 adult female 42.174320 -71.268330 S4-0-BBTS1010-0-040526 0.234 Brooks Rand 

1821-175-14 R40405 Reservoir 1 adult male 42.285680 -71.449800 S4-0-BBTS1002-0-040525 0.242 Brooks Rand 

1821-175-13 R40401 Reservoir 1 adult female 42.170370 -71.267770 S4-0-BBTS1007-0-040525 0.267 Brooks Rand 

1821-175-16 R40409 Reservoir 1 adult female 42.174580 -71.268030 S4-0-BBTS1009-0-040526 0.333 Brooks Rand 

1821-175-04 R40413 Reservoir 1 adult male 42.292770 -71.443410 S4-0-BBTS1005-0-040513 0.403 Brooks Rand 

1851-994-17 R40402 Reservoir 1 adult female 42.284600 -71.446670 S4-0-BBTS1008-0-040525 0.470 Brooks Rand 

1851-994-17 Res2-05DB Reservoir 2 adult female 42.261520 -71.451370 R2BBTS0007-0-030703 0.512 Brooks Rand R2BFTS0007-0-030703 2.688 

1821-173-17 Res2-01DB Reservoir 2 adult female 42.270700 -71.444980 R2BBTS0002-0-030530 0.106 Brooks Rand R2BFTS0002-0-030530 1.025 

1821-175-02 R30429 Reservoir 2 adult female 42.266773 -71.444620 S3-3-BBTS1002-0-040512 0.135 Brooks Rand 

1821-175-01 R30404 Reservoir 2 adult female 42.270916 -71.451526 S3-1-BBTS1001-0-040512 0.672 Brooks Rand 

1821-175-09 R30423 Reservoir 2 adult male 42.265659 -71.442764 S3-3-BBTS1007-0-040521 0.105 Brooks Rand 

1821-175-10 R30407 Reservoir 2 adult female 42.270320 -71.450540 S3-2-BBTS1004-0-040521 0.134 Brooks Rand 

1821-175-07 R30405 Reservoir 2 adult female 42.270450 -71.450750 S3-1-BBTS1003-0-040521 0.178 Brooks Rand 

1821-175-08 R30416 Reservoir 2 adult female 42.271530 -71.444040 S3-X-BBTS1005-0-040521 0.185 Brooks Rand 
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Band # Box # Site Age Sex Latitude Longitude Lab Blood ID Blood Hg Lab Lab Feather Id Feather Hg 

1821-173-16 R30423 Reservoir 2 adult female 42.265659 -71.442764 S3-3-BBTS1006-0-040521 0.189 Brooks Rand 

1821-173-39 R30406 Reservoir 2 adult female 42.264480 -71.450840 S3-2-BBTS1008-0-040524 0.192 Brooks Rand 

1821-175-11 R30431 Reservoir 2 adult female 42.266860 -71.444770 S3-3-BBTS1010-0-040524 0.235 Brooks Rand 

1821-175-12 R30413 Reservoir 2 adult female 42.272564 -71.445140 S3-2-BBTS1009-0-040524 0.241 Brooks Rand 

1851-994-14 Res2-05DB Reservoir 2 juvenile unknown 42.261520 -71.451370 R2BBTS0004-0-030703 0.033 Brooks Rand 

1821-173-42 HOP42SB Sudbury adult female 42.362640 -71.375400 HBBETS0001-0-030604 0.727 TERL 

1821-173-40 SUDRES04SB Sudbury Reservoir adult female 42.329480 -71.531700 SRBBTS0002-0-030604 0.111 Brooks Rand SRBFTS0002-0-030604 1.367 

1821-173-04 SUDRES08SB Sudbury Reservoir adult female 42.328130 -71.532810 SRBBTS0001-0-030528 0.171 Brooks Rand SRBFTS0001-0-030528 0.955 

1821-173-43 SDAM09SB Sudbury Reservoir adult female 42.308150 -71.491990 SDBBTS0004-0-030609 0.071 Brooks Rand SDBFTS0004-0-030609 1.041 

1821-173-24 SDAM16SB Sudbury Reservoir adult male 42.306120 -71.493590 SDBBTS0006-0-030616 0.071 Brooks Rand SDBFTS0006-0-030616 1.043 

1851-994-59 SDAM12SB Sudbury Reservoir adult female 42.306920 -71.492960 SDBBTS0025-0-030716 0.105 Brooks Rand SDBFTS0025-0-030716 1.460 

1821-173-38 SDAM13SB Sudbury Reservoir adult female 42.306730 -71.493130 SDBBTS0001-0-030604 0.119 Brooks Rand SDBFTS0001-0-030604 1.660 

1821-173-39 SDAM16SB Sudbury Reservoir adult female 42.306120 -71.493590 SDBBTS0003-0-030604 0.125 Brooks Rand SDBFTS0003-0-030604 1.674 

1821-173-37 SDAM06SB Sudbury Reservoir adult female 42.308720 -71.491540 SDBBTS0002-0-030604 0.134 Brooks Rand SDBfTS0002-0-030604 2.274 

1821-173-23 SDAM24SB Sudbury Reservoir adult female 42.307470 -71.491170 SDBBTS0005-0-030616 0.168 Brooks Rand SDBFTS0005-0-030616 2.094 

1821-173-05 GM2-04SB Sudbury River adult female 42.383740 -71.387010 SBBBTS0001-0-030529 0.244 Brooks Rand SBBFTS0001-0-030529 0.963 

1821-173-81 GM2-01SB Sudbury River adult female 42.383900 -71.387400 SBBBTS0005-0-030619 0.385 Brooks Rand SBBFTS0005-0-030619 2.324 

1821-173-06 GM2-09SB Sudbury River adult female 42.383730 -71.387990 SBBBTS0002-0-030529 0.510 Brooks Rand SBFBTS0002-0-030529 1.098 

1821-173-97 GM2-04SB Sudbury River adult male 42.383740 -71.387010 SBBBTS0015-0-030624 0.870 TERL 

1821-173-89 GM1-11SB Sudbury River adult female 42.373270 -71.389440 SKBBTS0003-0-030620 0.244 Brooks Rand SKBFTS0003-0-030620 2.520 

1821-173-70 GM1-13SB Sudbury River adult male 42.373650 -71.389510 SKBBTS0006-0-030627 0.322 TERL 

1821-173-90 GM1-10SB Sudbury River adult female 42.373120 -71.389540 SKBBTS0004-0-030620 0.338 Brooks Rand SKBFTS0004-0-030620 1.219 

1821-173-69 GM1-11SB Sudbury River adult male 42.373270 -71.389440 SKBBTS0005-0-030625 0.481 TERL 

1851-994-03 GM1-13SB Sudbury River adult female 42.373650 -71.389510 SKBBTS0007-0-030630 0.501 Brooks Rand SKBFTS0007-0-030630 1.539 

1821-173-33 SUDR27SB Sudbury River adult female 42.347880 -71.379310 S7BBTS0007-0-030603 0.195 Brooks Rand S7BFTS0007-0-030603 1.300 

1821-173-01 SUDR23DB Sudbury River adult female 42.368910 -71.382400 S7BBTS0001-0-030522 0.244 Brooks Rand S7BFTS0001-0-030522 1.384 

1821-173-36 SUDR28SB Sudbury River adult female 42.348160 -71.379500 S7BBTS0010-0-030603 0.291 Brooks Rand S7BFTS0010-0-030603 1.283 

1821-173-03 SUDR25SB Sudbury River adult female 42.363660 -71.375300 S7BBTS0002-0-030527 0.296 Brooks Rand S7BFTS0002-0-030527 1.667 

1821-173-29 SUDR01SB Sudbury River adult unknown 42.410580 -71.368810 S7BFTS0003-0-030603 0.324 S7BFTS0003-0-030603 1.577 

1821-173-41 SUDR21SB Sudbury River adult female 42.365220 -71.375380 S7BBTS0012-0-030604 0.328 Brooks Rand S7BFTS0012-0-030604 1.205 

1821-173-34 SUDR33SB Sudbury River adult female 42.346350 -71.385170 S7BBTS0008-0-030603 0.335 Brooks Rand S7BFTS0008-0-030603 1.147 

1821-173-35 SUDR30SB Sudbury River adult female 42.349040 -71.380080 S7BBTS0009-0-030603 0.336 Brooks Rand S7BFTS0009-0-030603 1.264 

1821-173-45 SUDR26SB Sudbury River adult female 42.347670 -71.379060 S7BBTS0029-0-030613 0.374 Brooks Rand S7BFTS0029-0-030613 1.345 

1821-173-32 SUDR13SB Sudbury River adult female 42.388820 -71.374590 S7BBTS0006-0-030603 0.470 Brooks Rand S7BFTS0006-0-030603 1.101 

1821-173-03R SUDR25SB Sudbury River adult female 42.363660 -71.375300 S7BBTS0031-0-030613 0.485 TERL 

1821-173-44 SUDR04SB Sudbury River adult female 42.409850 -71.371290 S7BBTS0028-0-030611 0.539 TERL S7BBTS0008-0-030611 0.100 

1821-173-30 SUDR02SB Sudbury River adult female 42.410340 -71.369830 S7BBTS0004-0-030603 0.556 Brooks Rand S7BFTS0004-0-030603 1.467 

1821-173-75 SUDR19SB Sudbury River adult female 42.383670 -71.381720 S7BBTS0022-0-030617 0.583 Brooks Rand 
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1821-173-29R SUDR01SB Sudbury River adult unknown 42.410580 -71.368810 S7BBTS0032-0-030627 0.593 TERL 

1821-173-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 S7BBTS0005-0-030603 0.598 Brooks Rand S7BFTS0005-0-030603 1.023 

1821-173-27 SUDR03SB Sudbury River adult female 42.410150 -71.370440 S7BBTS0011-0-030603 0.684 Brooks Rand S7BFTS0011-0-030603 1.065 

1851-994-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 S7BBTS0033-0-030702 0.917 Brooks Rand S7BFTS0033-0-030702 0.840 

1821-173-58 GM2-04SB Sudbury River juvenile unknown 42.383740 -71.387010 SBBBTS0007-0-030624 0.053 TERL 

1821-173-57 GM2-04SB Sudbury River juvenile unknown 42.383740 -71.387010 SBBBTS0006-0-030624 0.057 TERL 

1821-173-59 GM2-04SB Sudbury River juvenile unknown 42.383740 -71.387010 SBBBTS0008-0-030624 0.067 TERL 

1851-994-19 GM2-01SB Sudbury River juvenile unknown 42.383900 -71.387400 SBBBTS0010-0-030707 0.083 TERL 

1851-994-20 GM2-01SB Sudbury River juvenile unknown 42.383900 -71.387400 SBBBTS0011-0-030707 0.099 TERL 

1851-994-21 GM2-01SB Sudbury River juvenile unknown 42.383900 -71.387400 SBBBTS0012-0-030707 0.100 TERL 

1851-994-18 GM2-01SB Sudbury River juvenile unknown 42.383900 -71.387400 SBBBTS0009-0-030707 0.104 TERL 

1851-994-27 GM1-10SB Sudbury River juvenile unknown 42.373120 -71.389540 SKBBTS0011-0-030715 0.039 TERL 

1851-994-29 GM1-10SB Sudbury River juvenile unknown 42.373120 -71.389540 SKBBTS0013-0-030715 0.043 TERL 

1851-994-22 GM1-11SB Sudbury River juvenile unknown 42.373270 -71.389440 SKBBTS0007-0-030707 0.044 TERL 

1851-994-24 GM1-11SB Sudbury River juvenile unknown 42.373270 -71.389440 SKBBTS0009-0-030707 0.044 TERL 

1851-994-23 GM1-11SB Sudbury River juvenile unknown 42.373270 -71.389440 SKBBTS0008-0-030707 0.047 TERL 

1851-994-25 GM1-11SB Sudbury River juvenile unknown 42.373270 -71.389440 SKBBTS0010-0-030707 0.051 TERL 

1851-994-28 GM1-10SB Sudbury River juvenile unknown 42.373120 -71.389540 SKBBTS0012-0-030715 0.057 TERL 

1851-994-26 GM1-13SB Sudbury River juvenile unknown 42.373650 -71.389510 SKBBTS0014-0-030715 0.058 TERL 

1821-173-49 SUDR30SB Sudbury River juvenile unknown 42.349040 -71.380080 S7BBTS0016-0-030613 0.039 TERL 

1821-173-48 SUDR30SB Sudbury River juvenile unknown 42.349040 -71.380080 S7BBTS0015-0-030613 0.040 TERL 

1821-173-50 SUDR30SB Sudbury River juvenile unknown 42.349040 -71.380080 S7BBTS0017-0-030613 0.043 TERL 

1821-173-46 SUDR30SB Sudbury River juvenile unknown 42.349040 -71.380080 S7BBTS0013-0-030613 0.045 TERL 

1821-173-47 SUDR30SB Sudbury River juvenile unknown 42.349040 -71.380080 S7BBTS0014-0-030613 0.056 TERL 

1821-173-74 SUDR13SB Sudbury River juvenile unknown 42.388820 -71.374590 S7BBTS0021-0-030617 0.058 TERL 

1821-173-94 SUDR27SB Sudbury River juvenile unknown 42.347880 -71.379310 S7BBTS0030-0-030625 0.063 TERL 

1821-173-73 SUDR13SB Sudbury River juvenile unknown 42.388820 -71.374590 S7BBTS0020-0-030617 0.064 TERL 

1821-173-71 SUDR13SB Sudbury River juvenile unknown 42.388820 -71.374590 S7BBTS0018-0-030617 0.065 TERL 

1821-173-78 SUDR31SB Sudbury River juvenile unknown 42.346080 -71.384330 S7BBTS0025-0-030617 0.065 TERL 

1821-173-72 SUDR13SB Sudbury River juvenile unknown 42.388820 -71.374590 S7BBTS0019-0-030617 0.072 TERL 

1821-173-77 SUDR31SB Sudbury River juvenile unknown 42.346080 -71.384330 S7BBTS0024-0-030617 0.079 TERL 

1821-173-79 SUDR33SB Sudbury River juvenile unknown 42.346350 -71.385170 S7BBTS0026-0-030617 0.086 TERL 

1851-994-35 SUDR18SB Sudbury River juvenile unknown 42.383880 -71.381430 S7BBTS0039-0-030702 0.086 TERL 

1821-173-80 SUDR33SB Sudbury River juvenile unknown 42.346350 -71.385170 S7BBTS0027-0-030617 0.090 TERL 

1821-173-76 SUDR31SB Sudbury River juvenile unknown 42.346080 -71.384330 S7BBTS0023-0-030617 0.092 TERL 

1851-994-30 SUDR07SB Sudbury River juvenile unknown 42.399190 -71.369430 SKBBTS0004-0-030715 0.096 TERL 

1851-994-33 SUDR04SB Sudbury River juvenile unknown 42.409850 -71.371290 S7BBTS0034-0-030702 0.107 TERL 

1851-994-34 SUDR04SB Sudbury River juvenile unknown 42.409850 -71.371290 S7BBTS0035-0-030702 0.110 TERL 
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Date Band # Box # Site Age Sex Latitude Longitude Lab Blood ID Blood Hg Lab Lab Feather Id Feather Hg 

7/15/03 1851-994-36 SUDR18SB Sudbury River juvenile unknown 42.383880 -71.381430 S7BBTS0040-0-030702 0.114 TERL 

7/2/03 1821-173-99 SUDR01SB Sudbury River juvenile unknown 42.410580 -71.368810 S7BBTS0037-0-030702 0.116 TERL 

7/2/03 1851-994-57 SUDR07SB Sudbury River juvenile unknown 42.399190 -71.369430 S7BBTS0041-0-030715 0.119 TERL 

7/2/03 1821-174-00 SUDR01SB Sudbury River juvenile unknown 42.410580 -71.368810 S7BBTS0038-0-030702 0.124 TERL 

7/2/03 1851-994-58 SUDR07SB Sudbury River juvenile unknown 42.399190 -71.369430 S7BBTS0042-0-030715 0.136 TERL 

7/15/03 1821-173-98 SUDR01SB Sudbury River juvenile unknown 42.410580 -71.368810 S7BBTS0036-0-030702 0.155 TERL 

7/2/03 1821-173-25 GM1-05SB Sudbury River juvenile unknown 42.372300 -71.390150 SKBBTS0001-0-030618 0.079 TERL 

7/15/03 1821-173-26 GM1-05SB Sudbury River juvenile unknown 42.372300 -71.390150 SKBBTS0002-0-030618 0.094 TERL 

6/18/03 1821-173-13 WHR06SB Whitehall Reservoir adult male 42.239700 -71.575700 WRBBTS0002-0-030530 0.375 TERL 

6/18/03 1821-173-12 WHR06SB Whitehall Reservoir adult female 42.239700 -71.575700 WRBBTS0001-0-030530 0.490 TERL 

5/30/03 1821-173-14 WHR02SB Whitehall Reservoir adult female 42.239140 -71.574880 WRBBTS0003-0-030530 0.439 TERL 
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Appendix IV. Summary of Tree Swallow egg Hg sampling effort. 

Band # Box # Site Age Sex Latitude Longitude Egg # Lab ID Hg Lab 

1821-173-91 CR02SB Charles River adult female 42.186920 -71.330310 1 CRBETS0018-030619 0.150 

1821-173-83 CR05SB Charles River adult female 42.186600 -71.328500 2 CRBETS0019-0-030619* 0.200 

1821-173-83 CR05SB Charles River adult female 42.186600 -71.328500 3 CRBETS0004-0-030708 0.332 

1821-173-83 CR05SB Charles River adult female 42.186600 -71.328500 4 CRBETS0005-0-030708 0.334 

1821-173-83 CR05SB Charles River adult female 42.186600 -71.328500 5 CRBETS0006-0-030708 0.273 

NO BIRDS CR07SB Charles River 42.184300 -71.326130 1 CRBETS0021-0-030619* 0.094 

NO BIRDS CR07SB Charles River 42.184300 -71.326130 2 CRBETS0010-0-030728 0.180 

1821-173-84 CR08SB Charles River adult female 42.185030 -71.329200 4 CRBETS0011-0-030619 0.257 

1821-173-88 CR13SB Charles River adult female 42.173250 -71.320450 1 CRBETS0012-030619 0.119 

1821-173-87 CR18SB Charles River adult female 42.174400 -71.318690 2 CRBETS0009-0-030710 0.131 

1821-173-87 CR18SB Charles River adult female 42.174400 -71.318690 3 CRBETS0014-030619* 0.092 

1821-173-86 CR19SB Charles River adult female 42.175490 -71.319120 3 CRBETS0013-030619 0.067 

1851-994-62 CR20SB Charles River adult male 42.181220 -71.324380 1 CRBETS0003-0-030622 0.152 

1851-994-46 CR22SB Charles River adult female 42.181880 -71.325820 3 CRBETS0017-030622 0.086 

1821-173-93 CR23SB Charles River adult female 42.180460 -71.322130 1 CRBETS0015-030622 0.154 

1821-173-82 CR24SB Charles River adult female 42.182640 -71.326690 2 CRBETS0002-030708 

1821-173-82 CR24SB Charles River adult female 42.182640 -71.326690 4 CRBETS0023-0-030619* 0.152 

1821-173-82 CR24SB Charles River adult female 42.182640 -71.326690 5 CRBETS0022-0-030619 0.235 

1821-173-85 CR27SB Charles River adult female 42.178100 -71.320450 1 CRBETS0001-030708 0.172 

1821-173-85 CR27SB Charles River adult female 42.178100 -71.320450 6 CRBETS0024-0-030619* 0.084 

1851-994-55 CR36SB Charles River adult female 42.179630 -71.320440 2 CRBETS0016-030622 0.073 

1821-173-92 CR40SB Charles River adult female 42.178800 -71.318870 1 CRBETS0007-0-030710 0.192 

1821-173-92 CR40SB Charles River adult female 42.178800 -71.318870 4 CRBETS0020-030619 0.186 

1821-173-08R DL03SB Delaney adult female 42.447820 -71.547400 1 DLBETS0004-0-030527 0.112 TERL 

1821-173-09 DL06SB Delaney adult female 42.448900 -71.548080 1 DLBETS0005-0-030520 0.140 TERL 

1821-173-10R DL07SB Delaney adult female 42.449230 -71.547990 2 DLBETS0001-030624 0.252 TERL 

1821-173-21 DL09SB Delaney adult female 42.445900 -71.546490 1 DLBETS0001-0-030529 0.180 TERL 

1821-173-22 DL11SB Delaney adult female 42.445440 -71.547090 1 DLBETS0006-0-030612 0.136 TERL 

1821-173-07 DL01SB Delaney adult female 42.447950 -71.546510 2 DLBETS0002-0-030527 0.212 TERL 

1821-175-28 Heard-09 Heard Pond adult female 42.348450 -71.385580 1 S7-3-BETS1002-0-040525 0.124 

1821-175-29 Heard-16 Heard Pond adult female 42.350000 -71.381690 1 S7-3-BETS1005-0-040525 0.159 
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1821-175-30 Heard-18 Heard Pond adult female 42.350200 -71.380290 1 S7-3-BETS1007-0-040525 0.111 Brooks Rand 

Band # Box # Site Age Sex Latitude Longitude Egg # Lab ID Hg Lab 

1821-175-47 HRD01 Heard Pond adult female 42.353190 -71.386280 1 S7-3-BETS1001-0-040525 0.092 Brooks Rand 

1821-175-06 gm2-09 old Reservoir 1 adult female 42.288680 -71.448060 1 S4-0-BETS1003-0-040513 0.068 

1821-175-13 R40401 Reservoir 1 adult female 42.170370 -71.267770 1 S4-0-BETS1007-0-040525 0.081 

1851-994-17 R40402 Reservoir 1 adult female 42.284600 -71.446670 1 S4-0-BETS1001-0-040513 0.600 

1821-175-14 R40405 Reservoir 1 adult male 42.285680 -71.449800 1 S4-0-BETS1002-0-040513 0.076 

1821-175-16 R40409 Reservoir 1 adult female 42.174580 -71.268030 1 S4-0-BETS1009-0-040526 0.032 Brooks Rand 

1821-175-05 R40410 Reservoir 1 adult female 42.290890 -71.445890 1 S4-0-BETS1004-0-040513 0.059 

1821-175-17 R40411 Reservoir 1 adult female 42.488610 -71.842780 1 S4-0-BETS1005-0-040513 0.042 

1821-175-03 R40413 Reservoir 1 adult female 42.292770 -71.443410 1 S4-0-BETS1006-0-040513 0.072 Brooks Rand 

1821-173-16 Res1-06SB Reservoir 1 adult female 42.291880 -71.441600 1 R1BETS0001-0-030523 0.049 Brooks Rand 

1821-175-01 R30404 Reservoir 2 adult female 42.270916 -71.451526 1 S3-1-BETS1001-0-040512 0.048 Brooks Rand 

1821-175-07 R30405 Reservoir 2 adult female 42.270450 -71.450750 1 S3-1-BETS1002-0-040520 0.061 Brooks Rand 

1821-175-10 R30407 Reservoir 2 adult female 42.270320 -71.450540 1 S3-2-BETS1004-0-040521 0.048 

1821-173-17 Res2-01DB Reservoir 2 adult female 42.270700 -71.444980 1 R2BETS0003-0-030602 0.060 

Res2-04DB Reservoir 2 1 R2BETS0001-0-030602 0.038 Brooks Rand 

1821-173-15 Res2-05SB Reservoir 2 adult female 42.283880 -71.444840 1 R2BETS0002-0-030519 0.044 

1821-173-42 HOP42SB Sudbury adult female 42.362640 -71.375400 1 HBBETS0001-0-030604 0.193 TERL 

1821-173-42 HOP42SB Sudbury adult female 42.362640 -71.375400 5 HBBETS0002-0-030604 0.196 TERL 

no birds SDAM05SB Sudbury Reservoir 42.308880 -71.491390 1 SDBETS0011-0-030519 0.056 

no birds SDAM05SB Sudbury Reservoir 42.308880 -71.491390 2 SDBETS0010-0-030609 0.033 

no birds SDAM05SB Sudbury Reservoir 42.308880 -71.491390 3 SDBETS0009-0-030609 0.051 

no birds SDAM05SB Sudbury Reservoir 42.308880 -71.491390 4 SDBETS0008-0-030609 0.047 

1821-173-37 SDAM06SB Sudbury Reservoir adult female 42.308720 -71.491540 2 SDBETS0003-0-030604 0.049 

1821-173-37 SDAM06SB Sudbury Reservoir adult female 42.308720 -71.491540 3 SDBETS0004-0-030604 0.093 

1821-173-43 SDAM09SB Sudbury Reservoir adult female 42.308150 -71.491990 1 SDBETS0001-0-030703 0.052 

1821-173-43 SDAM09SB Sudbury Reservoir adult female 42.308150 -71.491990 3 SDBETS0005-0-030604 0.026 

1851-994-59 SDAM12SB Sudbury Reservoir adult female 42.306920 -71.492960 1 SDBETS0002-0-030625 0.099 Brooks Rand 

1821-173-38 SDAM13SB Sudbury Reservoir adult female 42.306730 -71.493130 1 SDBETS0012-0-030528 0.033 

1821-173-39R SDAM16SB Sudbury Reservoir adult female 42.306120 -71.493590 4 SDBETS0006-0-030604 0.030 

1821-173-23 SDAM24SB Sudbury Reservoir adult female 42.307470 -71.491170 3 SDBETS0007-0-030609 0.054 Brooks Rand 

1821-173-40 SUDRES04SB Sudbury Reservoir adult female 42.329480 -71.531700 3 SRBETS0002-0-030528 0.067 
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1821-173-04 SUDRES08SB Sudbury Reservoir adult female 42.328130 -71.532810 1 

1821-173-25 GM1-05SB Sudbury River nestling unknown 42.372300 -71.390150 2 

1821-173-90 GM1-10SB Sudbury River adult female 42.373120 -71.389540 1 

SRBETS0001-0-030519 0.157 

SRBETS0008-0-030519 

SRBETS0001-0-030715* 0.187 TERL & Brooks Rand  

Band # Box # Site Age Sex Latitude Longitude Egg # Lab ID Hg Lab 

1821-173-90 GM1-10SB Sudbury River adult female 42.373120 -71.389540 4 SRBETS0006-030620 0.116 

1821-173-89 GM1-11SB Sudbury River adult female 42.373270 -71.389440 2 SRBETS0007-030620 0.086 Brooks Rand 

1821-173-70 GM1-13SB Sudbury River adult male 42.373650 -71.389510 1 SKBETS0005-030620 0.119 Brooks Rand 

1851-994-03 GM1-13SB Sudbury River adult female 42.373650 -71.389510 1 SRBETS0005-030620 0.240 

1851-994-03 GM1-13SB Sudbury River adult female 42.373650 -71.389510 2 SRBETS0003-0-030715 0.157 

1851-994-03 GM1-13SB Sudbury River adult female 42.373650 -71.389510 3 SRBETS0004-0-030715 0.147 

1851-994-03 GM1-13SB Sudbury River adult female 42.373650 -71.389510 4 SRBETS0002-0-030715 0.106 

1821-173-81 GM2-01SB Sudbury River adult female 42.383900 -71.387400 1 SBBETS0001-0-030619 0.146 Brooks Rand 

1821-173-02 GM2-02SB Sudbury River adult female 42.383870 -71.387300 1 SBBETS0010-0-030516* 0.146 TERL & Brooks Rand  

1821-173-02 GM2-02SB Sudbury River adult female 42.383870 -71.387300 2 SBBETS0011-0-030529 0.163 

1821-173-02 GM2-02SB Sudbury River adult female 42.383870 -71.387300 3 SBBETS0006-0-030529 0.395 

1821-173-02 GM2-02SB Sudbury River adult female 42.383870 -71.387300 4 SBBETS0008-0-030529 0.498 

1821-173-02 GM2-02SB Sudbury River adult female 42.383870 -71.387300 5 SBBETS0007-0-030529 0.210 

1821-173-05 GM2-04SB Sudbury River adult female 42.383740 -71.387010 1 SBBETS0012-0-030527 0.072 Brooks Rand 

1821-173-06 GM2-09SB Sudbury River adult female 42.383730 -71.387990 1 SBBETS0009-0-030527 0.117 Brooks Rand 

no birds GM2-10SB Sudbury River 42.383650 -71.387820 1 SBBETS0002-0-030619 0.168 Brooks Rand 

no birds GM2-10SB Sudbury River 42.383650 -71.387820 3 SBBETS0003-0-030619 0.208 Brooks Rand 

1821-173-29 SUDR01SB Sudbury River adult unknown 42.410580 -71.368810 1 S7BETS0025-0-030611 0.184 

1821-173-30 SUDR02SB Sudbury River adult female 42.410340 -71.369830 2 S7BETS0023-0-030603 0.144 Brooks Rand 

1821-173-27 SUDR03SB Sudbury River adult female 42.410150 -71.370440 2 S7BETS0013-0-030603 0.212 Brooks Rand 

1821-173-44 SUDR04SB Sudbury River adult female 42.409850 -71.371290 1 S7BETS0020-0-030611 0.165 TERL & Brooks Rand  

1821-173-44 SUDR04SB Sudbury River adult female 42.409850 -71.371290 2 S7BETS0011-0-030627 TERL & Brooks Rand  

1821-173-44 SUDR04SB Sudbury River adult female 42.409850 -71.371290 3 S7BETS0004-0-030627 0.644 TERL & Brooks Rand  

1821-173-44 SUDR04SB Sudbury River adult female 42.409850 -71.371290 4 S7BETS0010-0-030627 0.241 TERL & Brooks Rand  

1821-173-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 1 S7BETS0006-0-030715 0.224 

1821-173-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 2 S7BETS0018-0-030603 0.161 

1821-173-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 3 S7BETS0007-030715 

1821-173-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 4 S7BETS0008-0-030715 0.233 

1821-173-31 SUDR07SB Sudbury River adult female 42.399190 -71.369430 5 S7BETS0009-0-030715 0.340 
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1851-994-31 

1821-173-32 

1821-173-32 

1821-173-32 

SUDR07SB 

SUDR13SB 

SUDR13SB 

SUDR13SB 

SUDR14DB 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

adult 

adult 

adult 

adult 

female 

female 

female 

female 

42.399190 

42.388820 

42.388820 

42.388820 

42.397280 

-71.369430 

-71.374590 

-71.374590 

-71.374590 

-71.367480 

1 

1 

2 

3 

1 

S7BETS0005-0-030715 

S7BETS0015-0-030520 

S7BETS0035-0-030520 

S7BETS0003-0-030607 

S7BETS0028-0-030611 

0.143 

0.093 

0.201 

0.417 

0.198 

Brooks Rand 

TERL & Brooks Rand  

Brooks Rand 

Band # 

no birds 

1821-173-75 

1821-173-75 

1821-173-01 

1821-173-03 

1821-173-03 

no 

1821-173-45 

1821-173-33 

1821-173-36 

1821-173-35 

 1821-173-76 

1821-173-76 

1821-173-76 

1821-173-34 

1821-173-14 

no birds 

1821-173-12 

no birds 

Box # 

SUDR17DB 

SUDR18DB 

SUDR19SB 

SUDR19SB 

SUDR23DB 

SUDR25DB 

SUDR25SB 

SUDR25SB 

SUDR26DB 

SUDR26SB 

SUDR27SB 

SUDR28SB 

SUDR30SB 

SUDR31SB 

SUDR31SB 

SUDR31SB 

SUDR33SB 

WHR02SB 

WHR06DB 

WHR06SB 

WHR14SB 

Site 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Sudbury River 

Whitehall Reservoir 

Whitehall Reservoir 

Whitehall Reservoir 

Whitehall Reservoir 

Age 

adult 

adult 

adult 

adult 

adult 

adult 

adult 

adult 

adult 

nestling 

nestling 

nestling 

adult 

adult 

adult 

Sex 

female 

female 

female 

female 

female 

female 

female 

female 

female 

unknown 

unknown 

unknown 

female 

female 

female 

Latitude 

42.387680 

42.386700 

42.383670 

42.383670 

42.368910 

42.345580 

42.363660 

42.363660 

42.351533 

42.347670 

42.347880 

42.348160 

42.349040 

42.346080 

42.346080 

42.346080 

42.346350 

42.239140 

42.232400 

42.239700 

42.239710 

Longitude 

-71.373940 

-71.377360 

-71.381720 

-71.381720 

-71.382400 

-71.385410 

-71.375300 

-71.375300 

-71.368350 

-71.379060 

-71.379310 

-71.379500 

-71.380080 

-71.384330 

-71.384330 

-71.384330 

-71.385170 

-71.574880 

-71.583100 

-71.575700 

-71.575720 

Egg # 

1 

1 

1 

2 

2 

1 

1 

2 

1 

1 

1 

1 

1 

1 

2 

6 

1 

1 

5 

1 

4 

Lab ID 

S7BETS0032-0-030527 

S7BETS0030-0-030527 

S7BETS0002-0-030703 

S7BETS0012-0-030617 

S7BETS0031-0-030520 

S7BETS0033-0-030527 

S7BETS0019-0-030527 

S7BETS0021-0-030527 

S7BETS0034-0-030603 

S7BETS0022-0-030603 

S7BETS0024-0-030603 

S7BETS0027-0-030520 

S7BETS0014-0-030520 

S7BETS0016-0-030520 

S7BETS0026-0-030617 

S7BETS0001-0-030617 

S7BETS0017-0-030520 

WRBETS0004-0-030519 

WRBETS0003-0-030530 

WRBETS0002-0-030530 

WRBETS0001-0-030530 

Hg 

0.094 

0.141 

0.289 

0.208 

0.123 

0.102 

0.157 

0.082 

0.098 

0.095 

0.131 

0.119 

0.127 

0.092 

0.164 

0.185 

0.094 

0.160 

0.095 

0.178 

0.157 

Lab 

Brooks Rand 

Brooks Rand 

TERL & Brooks Rand  

TERL & Brooks Rand  

Brooks Rand 

Brooks Rand 

TERL & Brooks R 

Brooks Rand 

Brooks Rand 

Brooks Rand 

TERL & Brooks Rand 

TERL & Brooks Rand 

TERL & Brooks Rand 

TERL 

TERL 
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Marshbird Hg levels for the Nyanza risk assessment 

1.0 ABSTRACT 

Exposure of wetland-nesting marshbirds to mercury (Hg) was assessed as part of a 

Baseline Ecological Risk Assessment (BERA) to determine if Hg present in the Sudbury River 

below the Nyanza Superfund Site, in Ashland, MA, could pose a potential risk to these receptors. 

Samples of blood, eggs, and feathers from marshbirds were collected in several reaches on the 

Sudbury River, and from a local reference location (Charles River).  All tissue samples were 

analyzed for total Hg. 

Effect Critical Body Residues (CBRs) for Hg were derived from the literature and 

existing data to help interpret the marshbird tissue residue data.  These effect CBRs equaled 0.40 

µg/g (wet weight, ww) for eggs and 1.27 µg/g (ww) for blood.  An effect CBR for Hg in 

marshbird feathers was not determined. 

The Hg levels in swamp sparrows (Melospiza georgiana) and song sparrows (Melospiza 

melodia) tended to be higher at the Great Meadows National Wildlife Refuge [GMNWR] (reach 

8) compared to the Charles River. Individual marshbirds exceeded the blood CBR for Hg at 

Heard Pond (reach 7), GMNWR (reach 8), and the Charles River.  Four of the 16 marshbird 

species sampled for this study (namely, northern waterthrush [Seiurus noveboracensis], song 

sparrow, swamp sparrow, and red-winged blackbird [Agelaius phoeniceus]) included individual 

birds which exceeded the effect CBR for Hg in blood.  

It was concluded that insectivorous marshbirds foraging in wetlands and edge habitats of 

the Sudbury River, particularly in the broad wetland areas of the GMNWR, have the potential for 

increased risk from exposure to Hg. 

2.0 INTRODUCTION 

A field study of Hg exposure in insectivorous marshbirds was undertaken in support of 

BERA investigations on the Sudbury River in Massachusetts.  This river was contaminated with 

Hg released by the Nyanza Superfund Site in Ashland, MA.  The U. S. Environmental Protection 

Agency (USEPA) has been performing a BERA to determine the potential risk to wildlife 

associated with residual Hg in the river. This report describes efforts to quantify the potential 

exposures to Hg of insectivorous marshbirds feeding in several target areas on the river. 
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Hg is generally released into the environment in inorganic form.  This chemical is 

converted to methyl mercury (MeHg) through bacterial metabolism and other biological 

processes. MeHg is the most biologically active and toxic form of Hg. Most of the Hg in 

biological tissues is present as MeHg. 

All tissue samples collected for this study were analyzed for total Hg. Concentrations are 

generally discussed as “Hg” throughout this report. Unless specified otherwise, it can be 

assumed that most of this Hg is present as MeHg. 

2.1 Site Background

The Nyanza Site is located about 35 km west of Boston. The Site, which covers around 

35 acres, is situated in an industrial area 0.4 km south of the Sudbury River.  It is connected to 

the river via several surface water drainage pathways.  Several companies operated at this 

location between 1917 and 1978, producing textile dyes and dye intermediates.  Large quantities 

of waste were disposed on-site in pits, below-ground structures, and several lagoons during the 

course of these operations. Process chemicals, including nitrobenzene, phenol, and mercuric 

sulfate, were also disposed on-site or discharged directly to the Sudbury River.  It has been 

estimated that between 45 and 57 metric tons of Hg were discharged to the Sudbury River and its 

associated wetlands during this time.  The facility was closed in 1978. 

  The Site was placed on the National Priorities List (NPL) in 1982.  USEPA has 

remediated the Site proper, and several adjacent waterways and wetlands, since that time. 

Discharge of Hg to the Sudbury River has been eliminated to the extent practicable.  Substantial 

quantities of Hg are still present in sediments through the remainder of the Sudbury River, which 

can serve as a secondary source of Hg to surface water and wildlife.  This residual contamination 

is referred to by USEPA as Operable Unit IV; Mercury Contamination within the Sudbury River. 

USEPA is completing a Baseline Ecological Risk Assessment (BERA) to determine 

whether Hg in the Sudbury River poses a potential risk to ecological receptors (primarily fish, 

birds, and mammals) at the population level, and to determine whether there is a need for further 

remediation to address any remaining risk.  The study described in this report was conducted by 

the BioDiversity Research Institute (BRI) in support of the BERA effort being conducted by 

Avatar Environmental. 
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2.2 Overall Study Design 

The USEPA BERA process calls for identifying populations, species, or groups of 

species that may be adversely affected by a contaminant, in this case Hg.  These are generically 

referred to as “ecological receptors”.  The potential for risk to these receptors is typically 

measured using several lines of evidence to help reduce the overall uncertainty inherent in the 

study of wildlife populations. Data collected from the study site are usually compared with data 

from an ecologically similar “reference” site.  This is particularly important for Hg studies in the 

Northeastern U.S. because deposition of Hg in wet and dry precipitation has resulted in elevated 

Hg in the regional environment.  The CERCLA program must distinguish between point-source 

risk from a hazardous waste site and regional risk.  The study design contained the following two 

elements: 

x Compare Hg concentrations in marshbird tissues (blood, eggs, and feather) collected at 

targeted locations on the Sudbury River to concentrations associated with adverse effects. 

These effects values are derived from the scientific literature and are known as CBRs. 

x Compare Hg concentrations in marshbird tissues collected from the Sudbury River with 

the same tissues collected from local reference locations with similar habitats.   

3.0 PURPOSE OF MARSHBIRD TASK 

The purpose of this field study was to measure Hg exposures in insectivorous birds 

feeding in targeted areas of the Sudbury River. The insectivorous food chain has been 

recognized as a potentially important exposure pathway to higher trophic-level organisms (Evers 

et al. 2005, Rimmer et al. 2005).  Five strictly insectivorous species of marsh birds that regularly 

forage within the Sudbury River floodplain were selected as primary indicators of Hg exposure 

during the 2003 and 2004 sampling season.  The red-winged blackbird (Agelaius phoeniceus) 

was sampled in 2005 and 2006 because of high Hg levels detected in individuals of this species 

opportunistically sampled on the Sudbury River (reach 7) in 2003. 
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The potential for ecological risk was estimated by comparing the Hg levels measured in 

marshbird tissues to conservative effect CBRs derived from the literature. This profile will serve 

as a basis for the insectivorous bird risk assessment task of the Nyanza Superfund BERA. 

4.0 ECOLOGY OF TARGET MARSHBIRD SPECIES 

Insectivorous birds with breeding territories in the emergent and scrub-shrub wetland 

habitats along the Sudbury and Charles Rivers, serve as useful indicators of Hg availability in the 

ecosystem because they forage on wetland-based invertebrates.  Recent evidence indicates that 

food pathways based on wetland invertebrates can biomagnify Hg to levels that exceed food 

pathways based on fish (Evers et al. 2005). 

The target species included in this study were the song sparrow (Melospiza melodia), 

swamp sparrow (Melospiza georgiana), yellow warbler (Dendroica petechia), common 

yellowthroat (Geothlypis trichas), and eastern kingbird (Tyrannus tyrannus); red-winged 

blackbird was added in 2005 and 2006. Blood samples were also opportunistically collected 

from several “non-target” insectivorous species, including the willow flycatcher (Empidonax 

traillii), and the northern waterthrush (Seiurus noveboracensis) – because aquatic invertebrates 

constitute a large portion of their diet. The breeding ecology, habitat and dietary needs of the six 

focal species are described below. 

Song Sparrow.  This marshbird breeds in a wide range of forest, shrub, and riparian 

habitats (Arcese et al. 2002). The song sparrow is a generalist which feeds on a wide variety of 

insects, including those from the orders Coleoptera, Hemiptera, Lepidoptera, Diptera, Odonata, 

and Ephemeroptera. It also consumes other invertebrates, and some seeds and fruit (Aldrich 

1984; Judd 1901). In the Northeast, its diet consists mostly of plant material in the winter (86%) 

but becomes >50% invertebrates in the summer.   

Swamp Sparrow.  Marshes with open water, dense low vegetation, and available singing 

perches represents optimal habitat for this marshbird (Mowbray 1997).  Shallow (<1.5 m) 

standing water is one of the principal habitat requirements because of its possible importance as 

a source of food (Mowbray 1997). The swamp sparrow’s diet during the breeding season 

consists mostly of arthropods, damselflies, dragonflies, beetles, ants and bees (Ellis 1980).  It is 
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well adapted for foraging on insects and other invertebrates in wet habitats. Longer legs allow 

effective foraging in shallow water (Wetherbee 1968, Willson 1967, Ellis 1980).  Its bill mass is 

reduced relative to other sparrows, indicating a more insectivorous diet (Beecher 1951). 

Yellow Warbler.  This marshbird breeds in wet, deciduous thickets, often dominated by 

willows, or in disturbed and early successional habitats (Dunn and Garrett 1997).  Adults were 

observed foraging on shore or in the marsh in a study on the Sudbury River near Concord, MA 

(Willson 1967).  The yellow warbler feeds on insects and other arthropods, mostly by gleaning 

(Lowther et al. 1999). Food composition varies by region. A study in Manitoba, Canada, 

indicated that 57% of the diet consisted of adult midges (Chironomidae), followed by 

Lepidoptera larvae, Coleoptera, Hemiptera, Homoptera, and Hymenoptera (Busby and Sealy 

1979). 

Common Yellowthroat.  This marshbird breeds throughout most of the United States and 

Mexico in a variety of habitats, including wetlands. It feeds mainly on insects of various orders, 

and on spiders, by gleaning its prey from plant surfaces (Guzy and Ritchison 1999).  One 

stomach from a bird in Massachusetts contained beetles, flies and small seeds (Bent 1953).  

Other stomach analyses revealed caterpillars, dragonflies, bees and wasps, spiders, beetles, 

grasshoppers and other invertebrates (Guzy and Ritchison 1999). 

Eastern Kingbird.  This marshbird breeds in a variety of habitats, including open or 

riparian woodlands, or forest edges (Murphy 1996). Its diet consists of fruit during migration 

and winter periods, and insects during the breeding season (Murphy 1996). Stomach analysis 

conducted over the species’ entire range revealed 32% Hymenoptera (bees, ants), 25% 

Coleoptera (beetles), 12% Orthoptera (grasshoppers), 4% Hemiptera (true bugs), 3% Diptera, 

and fruits and seeds (Beal 1912). 

Red-winged Blackbird. This species feeds primarily on plant matter during the non-

breeding season (Yasukawa and Searcy 1995), but switches to an invertebrate diet during the 

summer. Food composition is determined by the bird’s local habitat.  The stomach contents of 

red-winged black-birds nesting close to agricultural areas consisted of 67 % insects and 21% 

waste grain by volume, while stomach content in nonagricultural habitat consisted of 79% 
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insects and no grain (McNicol et al. 1982). In Manitoba, the diet of red-winged blackbirds in 

marshes was 100% animal matter (Bird and Smith 1964).  In Minnesota wetlands surrounded by 

agricultural fields, adults fed nestlings 100% animal diet, consisting on average of 40-58% 

aquatic invertebrates and 42-61% terrestrial invertebrates.  Aquatic invertebrates accounted for 

68-89% of the nestling’s diet when the adults foraged exclusively in wetlands (Piterman 1994).  

Larvae and adult Dipterans (flies) and Odonates (Zygoptera or damselflies) are major insect 

representatives in the red-winged blackbird nestling diet.  The larval stage of most insects in 

these orders are strictly aquatic.  

5.0 DEVELOPMENT OF CRITICAL BODY RESIDUES FOR MARSHBIRDS 

The following data and approaches were used to derive conservative effects CBRs for Hg 

in eggs and blood of avian insectivores. 

The results of Hg dosing studies on marshbird eggs performed by scientists at the U.S. 

Geological Survey’s Patuxent Wildlife Research Center were used to derive the effect CBR for 

Hg in eggs. Hg levels that posed a “cause of concern” for marshbird species were developed by 

Gary Heinz (BRI, pers. com.) through formal Hg dosing experiments using eggs from tree 

swallows and common grackle (Quiscalus quiscula), based on protocols established for the 

CALFED-Bay Delta Mercury Project (Heinz 2003). 

The CALFED study was designed to determine the relative sensitivities of MeHg injected 

in eggs of 17 bird species. The effect CBR for Hg in marshbird eggs was assumed to be less 

than 0.80 µg/g (ww) because: (1) the effect CBR for Hg in mallard eggs has been reported to 

equal 0.80 µg/g (ww) (Heinz and Hoffman 2003), and (2) marshbird eggs were more sensitive to 

MeHg than mallard eggs (G. Heinz, pers. com).   

Heinz found significant mortality in tree swallow embryos at egg Hg levels of 0.80 µg/g 

(ww). Embryo mortality in eggs injected with Hg equal to 0.40 µg/g (ww) were not significantly 

different than the reference condition (p=0.19); however, the fact that 25% fewer eggs hatched at 

this concentration compared to the reference level is herein deemed by the authors to be 

biologically significant. Eggs were not dosed at the 0.60 µg/g (ww) level. 
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The CALFED study indicated that common grackle eggs were the most sensitive to Hg of 

the 17 species that underwent the dosing regime; embryo survival was significantly lower at an 

egg Hg level of 0.1 µg/g (ww).  There is considerable uncertainty about how experimentally 

injected Hg is distributed across the egg and about the assumption that injected Hg is more toxic 

than maternal Hg (G. Heinz, pers. com.). An uncertainty factor of four was therefore used based 

on comparisons between experimental Hg dosing and the effect CBR for Hg in mallard eggs in 

the CALFED study (where a significant difference in mallard embryo survival was observed in 

eggs dosed with 3.20 ug/g (ww) Hg; or four times the effect CBR) (Heinz 2003). Hence, the 

effect CBR for Hg in common grackle eggs was set at 0.40 µg/g, (ww). 

Bird blood was the most regularly collected tissue in the field study. As a result, available 

paired blood and egg Hg levels from maternal female tree swallows were used to develop a 

simple linear regression model to predict blood Hg levels based on egg Hg levels.  The greater 

part of this dataset was collected at the Nyanza site.  Based on 99 paired blood and egg Hg 

levels, about 45% of the variability in the dataset can be predicted using a model of: [Hg]egg = 

0.3144 * [Hg]blood (Figure 1 and Appendix I). 

Figure 1. Model of egg Hg levels and predicted blood Hg levels. 
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Based on the CALFED egg Hg dosing studies, a CBR of 0.40 ug/g (ww) is predictive of 

a blood Hg CBR of 1.27µg/g (ww) in marshbirds.  Marshbirds with blood Hg levels >1.27 µg/g 

(ww) are at risk to greater embryo mortality and subsequent lower reproductive success. 

In summary, the effect CBR for Hg in the eggs of insectivorous birds was set at 0.40 µg/g 

(ww), whereas the effect CBR for Hg in the blood of insectivorous birds was set at 1.27 µg/g 

(ww). 

6.0 STUDY AREA AND METHODS 

6.1 Study area 

The Sudbury River is about 42 km long.  Several types of habitat occur along this length, 

including impoundments, urban flowing reaches, and reaches with extensive bordering wetlands.  

The study design focused on two specific reaches on the Sudbury River, and on the Charles 

River (reference location).   

The EPA divided the Sudbury River into ten reaches to perform the BERA. These 

reaches were typically defined by impoundments, significant narrowing at road crossings, or 

significant changes in habitat type. The sections of the Sudbury River used for collecting 

marshbird tissues for Hg analysis consisted of reach 7 (the wetlands by Heard Pond) and two 

individual locations in reach 8 (the Great Meadows National Wildlife Refuge), namely reach 8 – 

middle (in the center of GMNWR) and reach 8 – Macone’s (furthest downstream on reach 8).  

The Charles River in Medfield, MA, served as the reference location (Table 1, Appendix II and 

III). Bird sampling occurred in July-August in 2003-2006. 

Table 1: Marshbird tissue sampling on the Sudbury River and at the reference location, 2003-

Reach 

No. Description 1 Description 2 Comment 

Sampled 

for Song 

Birds? 

Tissues 

Collected? 

SITE-IMPACTED LOCATIONS 

1 Sudbury River - upstream from Site N N 

2 Sudbury River Mill Pond next to Site N N 
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Table 1: Marshbird tissue sampling on the Sudbury River and at the reference location, 2003-

Reach 

No. Description 1 Description 2 Comment 

Sampled 

for Song 

Birds? 

Tissues 

Collected? 

3 Sudbury River Reservoir 2 lobes 1, 2, and 3 N N 

4 Sudbury River Reservoir 1 - N N 

5 Sudbury River - free flowing N N 

6 Sudbury River Saxonville Res. - N N 

7 Sudbury River - free flowing; Heart P. Y Y 

8 Sudbury River Great Meadows extensive wetlands Y Y 

9 Sudbury River Fairhaven Bay natural embayment N N 

10 Sudbury River - confluence Assabet River N N 

LOCAL REFERENCE LOCATION 

- Charles River - wetlands & river habitat Y Y 

6.2 Capture techniques

Eight to ten 12-m wide mist nets were used to capture marshbirds.  The nets were placed 

on 6 m aluminum poles and stretched out along and between shrubs and small trees within 1 to 

20 m of the river’s edge.  Birds were caught from 6:30 am and 10:30 am, and after 4 pm.  The 

nets were checked every 20-30 minutes to minimize stress on the birds. Captured birds were 

carefully disentangled and placed in cotton holding bags until processing.  All birds were 

released unharmed within 10 to 30 minutes of capture.  The following information was obtained 

from most individuals: age, sex, weight, wing cord, and body condition (indicated by the 

thickness of the fat layer). 

6.3 Tissue collection and processing 

Blood was collected for Hg analysis from each adult bird by puncturing a cutaneous ulnar 

vein in the wing with a 26-27 gauge sterile, disposable needle. A couple of drops of blood were 

drawn into a capillary tube, which was then sealed with Creto-seal® on both ends and placed in a 
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labeled plastic 10 cc vacutainer. All of the blood samples were stored in an ice-filled cooler in 

the field, and in a locked freezer at the laboratory. 

Two outer tail feathers were plucked from each adult bird and from selected hatch-year 

birds for Hg analysis and placed in a labeled plastic bag.  All of the feather samples were stored 

in an ice-filled cooler in the field, and in a locked refrigerator at the laboratory. 

For the eastern kingbird only, one egg was collected for Hg analysis from each nest found 

along the Sudbury and Charles River.  These eggs were stored, processed and analyzed the same 

way as the tree swallow eggs (see the tree swallow Hg exposure profile for additional details). 

6.4 Sample analysis 

All sample analyses followed USEPA protocols and are described in the BERA.  The 

chemical analyses on tissues collected from the song birds were performed either at the Brooks 

Rand Laboratory (BRL), located in Seattle, WA, or at the Texas A&M Trace Element Research 

Laboratory (TERL), located in College Station, TX. 

BRL analyzed all the kingbird eggs and all of the blood samples collected from song 

sparrows, swamp sparrows, yellow warblers, and common yellowthroats on the Charles River 

and reach 7 (Heard Pond) and reach 8 (Middle GMNWR) in 2003. All the other marshbird blood 

samples collected in 2003, including all species from reach 8 (Macone’s), were analyzed at 

TERL. 

BRL analyzed the swamp sparrow and song sparrow blood samples collected in 2004, the 

red-winged blackbird blood samples collected in 2005 and 2006, and all of the feather samples.  

The tissues from all of the other species collected in 2004 through 2006 were analyzed at TERL. 

     Samples collected from red-winged blackbirds in 2005 and 2006 were analyzed at 

BRL and all 2003 samples were analyzed at TERL.  The data from both laboratories and years 

were combined for statistical analyses because no significant differences were found between the 

2003 and 2006 blackbird blood Hg levels. 

All of the tissue samples were analyzed for total Hg only. Rimmer et al. (2005) showed 

that 95% of the total Hg in the blood of marshbirds is present as MeHg.  All blood and egg Hg 
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concentrations are reported in µg/g wet weight (ww), whereas all of the feather data are reported 

in µg/g fresh weight (fw). 

6.5 Data preparation and statistical analysis 

Arithmetic means and standard deviations (sd) were used for data summaries.  A one-way 

analysis of variance (ANOVA) or a t-test was used to test for significant differences in blood and 

feather Hg levels among sites or data sets, provided that the data were normally distributed.  The 

Tukey-Kramer HSD pairwise test was used to determine which sampling locations were 

significantly different from each other if the ANOVA had p<0.05. A non-parametric Chi-square 

test or a Kruskal-Wallis test was used if the data were not normally distributed or had unequal 

variances. If necessary, the data were log-transformed before conducting an ANOVA.  Linear 

regression analysis was conducted to test if data sets were correlated.  Samples analyzed by BRL 

and TERL were pooled for statistical analyses. Data were pooled across years or sex and age 

only if there was no significant difference detected among years/ages/sexes. 

A significant difference was detected between the blood Hg levels in hatch-year juvenile 

and adult swamp sparrows (p<0.002); therefore, those data were analyzed separately by age, 

even though the sample sizes were small. 

7.0 RESULTS AND DISCUSSION 

7.1 Summary of sampling efforts 

Table 2 indicates that 104 birds representing nine species were sampled for tissues in 

2003, whereas 94 birds representing ten species were sampled in 2004.  The totals for four 

marshbird target species were as follows: 18 common yellowthroats, 23 yellow warblers, 64 

song sparrows, and 34 swamp sparrows.  The swamp sparrows and song sparrows became the 

primary target species in the 2004 field sampling efforts based on the 2003 Hg result.  Two blood 

Hg levels in red-winged blackbirds sampled in 2003 from reach 7 were found to be unusually 

high. This species was targeted in 2005 (reach 8) and 2006 (Charles River and reach 7) for 

additional sampling. Tissue samples were collected from ten red-winged blackbirds in 2005 and 

22 red-winged blackbirds in 2006. Twenty three eastern kingbird eggs were collected from the 

Sudbury River and five eggs from the Charles River for Hg analysis.   
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Table 2. Summary of species captured and sampled for blood on the Charles and Sudbury Rivers in 2003 

and 2004. 

Sudbury River 

Species 

Charles River 

(refer

(# birds) 

ence) 
Reach

(Heard Pond) 

(# birds) 

7 Reach 8 

(Middle GMNWR)   

(# birds) 

Reach 8 

(Macone’s) 

(# birds) 

 2003 2004 2003 2004 2003 2004 2003 

Target Species 

Common Yellowthroat 2 8 1 0 4 1 2 

Song Sparrow 8 11 15 5 5 9 11 

Swamp Sparrow 7 1 3 7 5 8 3 

Yellow Warbler 4 7 2 1 2 6 1 

Non-target - insectivores 

Eastern Kingbird 0 1 0 0 0 0 0 

Eastern Phoebe 0 1 0 0 0 0 0 

Northern Waterthrush 1 0 1 0 0 0 0 

Red-winged Blackbird 2 0 4 0 0 0 0 

Willow/Trail’s Flycatcher 3 4 0 0 1 3 1 

Non-target-non-

insectivores 

American Goldfinch 0 4 3 4 3 3 3 

American Robin 0 0 0 1 0 0 0 

Gray Catbird 5 8 1 1 1 0 0 

Total per year 32 45 30 19 21 30 21 

Total per site 77 49 51 21 

7.2 Marshbird summary of Hg exposure 

Mercury concentrations varied in species within a site and among sites (Table 3 and 

Figure 2, Appendix IV and V). However, reach 8 (Middle GMNWR) had the highest overall 

Hg levels. The results indicated that individual birds at all sites (including the reference 

location) exceeded effect CBR levels, and that birds, depending on their foraging guild, showed 

a low-high Hg pattern. 
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Table 3. Mean (± 1 SD) blood Hg levels (µg/g, ww) in marshbirds from the Charles River and Sudbury 

River reaches (2003 –2006). 

Charles River Sudbury River 

Reach 7 Reach 8 Reach 8 

Species LS Reference (n) LS (Heard P.) (n) LS (Middle)(n) LS (Macone’s) (n) 

Target Insectivorous Bird Species 

Common A 0.12 ± 0.12 (5) A 0.20 (1) A 0.29 ± 0.20 (2)  A -

Yellowthroat J 0.06 (1) - - J 0.07 ± 0.04 (2) J 0.14 ± 0.03 (2) 

Eastern A 0.11 (1) A - A - A -

Kingbird J - J - J - J -

Red-winged A 0.81 ± 0. 53 (7)  A 0.43+ 0.37 (14) A 5.2 ± 3.7 (6) A -

Blackbird J 0.43 + 0.15 (3) J 0.90 ± 0.38 (3) J 2.3 ± 0.55 (4) J -

Song Sparrow A 0.29 ± 0.10 (6) A 0.26 ± 0.29 (6) A 0.56 ± 0.41 (6) A 0.31 ± 0.16 (7) 

J 0.16 ± 0.14 (12)  J 0.12 ± 0.08 (14) J 0.36 ± 0.22 (7) J -

Swamp A 0.86 (1) A 0.32 ± 0.15  (2) A 1.1 ± 0.72 (4) A -

Sparrow J 0.31 ± 0.10 (6) J 0.32 ± 0.19 (8) J 0.39 ± 0.26 (10) J 0.45 ± 0.04 (3) 

Yellow A 0.04 ± 0.05 (3) A 0.04 ± 0.03 (2) A 0.07 ± 0.01 (3) A 0.08 (1) 

Warbler J 0.03 ± 0.02 (3) J - J 0.07 ± 0.02 (3) J -

Non-Target Insectivorous Bird Species 

American A - A 0.06 (1) A - A -

Robin J - J - J 0.09 (1) J -

Barn Swallow A - A - A - A -

J 0.12 (1) J - J - J -

Brown-headed A - A - A - A -

Cowbird J 0.24 (1) J - J - J -

Eastern A - A - A - A -

Phoebe J 0.13 (1) J - J - J -

Marsh Wren A - A - A - A -

J - J - J 0.66 (1) J -

Northern A 0.25 (1) A 1.59 (1) A - A -

Waterthrush J - J - J - J -

Solitary A - A - A 1.0 (1) A -

Sandpiper J - J - J - J -

Willow A 0.14 ± 0.11 (2) A 0.25 (1) A 0.26 (1) A 0.20 (1) 

Flycatcher J 0.36 ± 0.16 (3) J - J 0.80 (1) J -

Non-Target Non-Insectivorous Bird Species 

American A 0.01 ± 0.01 (3) A 0.01 ±< 0.01 (3) A 0.01 ±< 0.01 (3) A 0.01 ±  0.01 (3) 

Goldfinch J - J - J - J -

Gray Catbird A 0.13 ± 0.07 (2) A - A - A -

J 0.06 ± 0.01 (2) J 0.04 (1) J 0.03 (1) J -

Note: Mercury data were generated by BRL and TERL. 

n = number of blood samples; LS = life stage (A = adult, J = hatch-year juvenile).


Species differences 

The three most common species (song sparrows, swamp sparrows, and red-winged 

blackbirds) were selected as the best comparative indicators for potential risk. The yellow 

warbler and common yellowthroat were of lesser interest because these two species tended to 
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have lower Hg levels indicating that they either foraged lower on the food chain and/or feed on 

more terrestrial-oriented arthropods, instead of aquatic insects. 

Figure 2. Mean +/- SD blood Hg levels in adult target marshbirds, 2003-2005 (BRL and TERL 

data). 
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Note: The red line in Figure 2 depicts the effect CBR for Hg in marshbird blood (1.27 µg/g, ww). 
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had the lowest and highest blood Hg levels, 

respectively, from the target species sampled in 

2003. Adult swamp sparrows had - on average - 

twice the Hg levels measured in other similar-

sized or smaller species (Figure 2). This 

Figure 3. The relationship between blood and 

feather Hg (µg/g) in hatch-year juvenile swamp 

sparrows and song sparrows, 2003-2004 (BRL 

and TERL data combined). 
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finding most likely reflected the more aquatic-based diet of adult swamp sparrows. 

The blood and feather Hg levels in hatch-year juvenile song sparrows and swamp 

2
sparrows showed a positive correlation (r =0.52, Figure 3), even though no significant 

2
relationship was found between blood and feather Hg levels in the adults (r =0.009). This pattern 

indicated that either the growth of adult feathers did not occur within the breeding territories or a 

drastic differences in MeHg availability existed within and between years. 

Northern waterthrush and red-winged blackbird 

The highest Hg levels in the blood of marshbirds in 2003 were measured in a northern 

waterthrush (1.59 µg/g, ww) and a red-winged blackbird (1.49 µg/g, ww) captured in reach 7 

(Heard Pond). Birds belonging to these two species are larger and have a different diet (more 

aquatic based in the summer) than the initial target species. The two high-Hg birds likely 

consumed larger aquatic prey, which may have higher Hg levels (Evers et al. 2005).  Craig 

(1984) found that aquatic invertebrates dominated the diet of northern waterthrush.  He found a 

high number of Diptera: chironomids (midges), Ephemeroptera (mayflies) and gastropods 

(snails) in their territories.  Waterthrushes were also observed to feed on small minnows (Wayne 

1910). 

High blood Hg levels were measured in red-winged blackbirds sampled in 2005 on the 

Sudbury River in reach 8 (Figure 4). The blood sampling occurred in early August when the 

water level in the Sudbury River was low, and a wide area of mud was exposed along the banks. 

This situation, combined with high summer temperatures, likely created optimal conditions for 

rapid Hg methylation. 
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Figure 4. Mean +/-SD of blood Hg levels (µg/g, ww) in adult red-winged blackbirds sampled in 

2003, 2005 and 2006 (different letters indicate statistically significant differences (p<0.05). 
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Note 1: The 2005 blood samples were collected from reach 8 (Middle GMNWR); 2003 samples were analyzed at 

TERL, whereas the 2006 samples were analyzed at TERL 

Note 2: The red line in Figure 4 depicts the effect CBR for Hg in marshbird blood (1.27 µg/g, ww). 

Note 3: Reach 7 (Heard Pond) mean blood Hg levels were marginally significantly higher than Charles River in 

2003 (p<0.057).   Inter year difference among sites were not tested (ex. 2003 Charles River and 2006 Heard Pond) 

Red-winged blackbirds spend much time feeding in the mud at the Sudbury River study 

locations (BRI, pers. obs.).  The contaminated palustrine wetlands in reach 8 appear to be sites 

of active methylation (Wiener and Shields 2000).  Invertebrates, which spend most of their life 

cycle in these sediments, are likely exposed to high levels of MeHg.  It appears that red-winged 

blackbirds, and possibly other species that feed on similar prey, are exposed to extremely high 

levels of Hg in late summer (the post-fledging and pre-migration period) in reach 8 of the 

Sudbury River. Late summer is an important period for birds to feed in preparation for 

migration. Evidence of rapidly increasing blood Hg levels in hatch-year juveniles that have 

ended their molt, and hence lost their primary route of Hg depuration (Spalding et al. 2000), 

greatly increases the potential for risk during late summer and early fall. The post-breeding 

period was not fully evaluated in this study because the sampling effort focused on the breeding 

period. 

The potential for risk to blackbirds and waterthrush may also occur along stream edges 

which may be particularly sensitive for Hg methylation due to fluctuating water levels. Such 

BioDiversity Research Institute 16 



Marshbird Hg levels for the Nyanza risk assessment 

areas are often warmer and more anaerobic than the center of the river/stream channel, creating 

conditions favoring Hg methylation (Stamenkovic et al. 2004).  Consequently, organisms that 

live and/or feed on the river edge may be exposed to higher Hg levels.  

Red-winged blackbirds were sampled again in 2006 at reach 7 (Heard Pond) and the 

Charles River.  Mean blood Hg levels were significantly higher at reach 7 in 2003 versus 2006, 

but tended to be higher in 2006 compared to 2003 on the Charles River (Figure 4). 

Red-winged blackbirds were only sampled from reach 8 (Middle) in 2005. The mean blood Hg 

levels in adults were significantly higher at this location than at reach 7 (Heard Pond) or the 

1
Charles River sampled in 2003 and 2006 (Figure 5).  In 2006, however, the birds from Charles 

River had higher Hg levels than those captured at reach 7 (Heard Pond) on the Sudbury River.  

Blood Hg data from adult male and female red-winged blackbirds were combined for statistical 

analyses because no significant difference (p > 0.1) was found across gender (Figure 5). 

The data from all years from each site were pooled for statistical analyses because the 

sample sizes were small.  The blood Hg levels in red-winged blackbirds were significantly 

higher at the reach 8 (Middle GMNWR) compared to reach 7 (Heard Pond) or the Charles River  

when the three locations were compared by combining years, but not sex and age (Chi 

square=20.1, p<0.0001). The Hg levels measured in blood samples collected from the Charles 

River and reach 7 (Heard Pond) were not significantly different from each other. The blood Hg 

levels in hatch-year juvenile red-winged blackbirds followed the same general pattern.  Sample 

sizes were small, however, because adult birds were targeted for sampling. 

 One value of 0.12 in an adult red-winged blackbird from reach 8 (Middle GMNWR) was eliminated from 

statistical analyses because that individual was likely a migrant. 
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Figure 5. Mean ± 1 SD of blood Hg levels (µg/g, ww) in red-winged blackbirds sampled in 

Massachusetts in 2003, 2005-2006 (different letters indicate statistically significant differences 

(p<0.05). 
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Note 1: BRL analyzed the 2005 blood samples collected from reach 8 (Middle GMNWR) and all of the 2006 blood 

samples; all of the 2003 blood samples were analyzed at TERL.  

Note 2: The red line in Figure 5 depicts the effect CBR for Hg in marshbird blood (1.27 µg/g, ww). 


Eastern Kingbird 

The Hg levels in eastern kingbird eggs were relatively low. They ranged from 0.08 to 

0.21 µg/g (ww, mean = 0.12 ± 0.05 µg/g) in eggs collected at reaches 7 and 8 on the Sudbury 

River, and from 0.16 to 0.17 µg/g (ww, mean = 0.16 ± 0.01 µg/g) on the Charles River (Figure 

6). Statistical analyses of the data (non-parametric Wilcoxon/Kruskal-Wallis Test) indicated that 

Hg levels in eggs from the Charles River were significantly higher than those from the two 

Sudbury River reaches (Z = 2.4, p < 0.02). The Hg levels in the eggs from the eastern kingbird 

may not reflect the Hg levels in the aquatic system where the nests are placed.  The diet of this 

species includes a variety of food items, such as berries and many groups of “terrestrial” insects 

(Murphy 1996). These diet preferences seem to make this species a sub-optimal indicator of  

exposure to Hg in the local aquatic environment. 
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Figure 6. Mean ± 1 SD of Hg levels in eastern kingbird eggs collected in 2003 from reaches 8 

and 9 on the Sudbury River, and the Charles River. 
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Note 1: n = number of nests (one egg was collected per nest) 

Note 2: different letters indicate statistically significant differences (p < 0.05)  

Note 3: the effect CBR for Hg in marshbird eggs is 0.40 µg/g (ww). 


7.3 Area differences 

Reach 8 (Middle GMNWR) 

Reach 8 (Middle GMNWR) consistently produced the highest blood Hg levels in bird 

species for which comparisons were possible among locations. The red-winged blackbird, 

swamp sparrow, and song sparrow had the highest mean blood Hg levels at this location 

(Figures 2 and 5, Table 3). Species with the lowest blood Hg levels: (1) were less insectivorous 

(American goldfinch, Carduelis tristis, and gray catbird, Dumetella carolinensis), (2) were the 

smallest insectivorous species (Yellow Warbler), or (3) represented hatch-year juvenile birds 

(swamp sparrows).  Individual song sparrows, swamp sparrows, and red-winged blackbirds 

collected from this location had blood Hg levels which exceeded the effect CBR (1.27 µg/g, 

ww). In addition, the song sparrow, common yellowthroat, and willow flycatchers sampled at 

this location had mean blood Hg levels which exceeded those measured at the other three sites 

(Table 3). 
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Reach 8 (Macone’s) 

Reach 8 (Macone’s) produced the lowest blood Hg levels measured in the target 

marshbirds (Figures 2). Swamp sparrows and song sparrows had the highest blood Hg levels, 

whereas yellow warblers and common yellowthroats had the lowest blood Hg levels. The blood 

Hg levels measured at this location suggested that Hg was less bioavailable compared to reach 8 

(Middle GMNWR) located further upstream. This conclusion is tentative because it is based on 

small sample sizes. 

Charles River – Reference site 

Except for one swamp sparrow with high blood Hg levels, all of the target and non-target 

species collected from the Charles River had blood Hg levels which were lower than those 

measured in reach 8 (Middle GMNWR) (Figures 2 and 5). The blood Hg levels measured in the 

target species followed the patterns observed at the other sampling locations, namely Hg levels 

were higher in swamp sparrows and song sparrows compared to yellow warblers and common 

yellowthroats (Table 3). 

Between site differences 

Comparisons within species indicated some patterns across the three sampling locations 

(Figure 3). Reach 8 (Middle GMNWR) tended to have the highest blood Hg levels in the song 

sparrows and swamp sparrows (Figure 2), and the red-winged blackbirds (Figure 5). Blood Hg 

levels tended to be similar in the Charles River for the song sparrows and common yellowthroats 

sampled in 2003.  The blood Hg levels in the target species sampled from reach 7(Heard Pond) 

tended to be similar with those from the Charles River (Figures 2 and 5). 

ANOVAs were used to determine if differences in adult blood Hg were significantly 

among sampling locations.  No significant differences in blood Hg levels within target species 

were observed across sampling locations (p>0.1) when only the BRL data were used versus 

when these data were combined with the TERL data.  The blood Hg in both sparrow species 
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tended to be higher at reach 8 (Middle GMNWR)  compared to reach 7 (Heard Pond) and the  

Charles River (Figure 2). 

8.0 CONCLUSIONS 

x	 Reach 8 (Middle GMNWR) contained birds with the highest blood Hg levels. Individual 

song sparrows, swamp sparrows, red-winged blackbirds, and northern waterthrushes 

exceeded the effect CBR for Hg in blood at his location. 

x	 The follow proportion of the sampled population exceeded the effect CBR for Hg in 

blood: 

o	  Reach 8 (Middle GMNWR) 


� nine of ten red-winged blackbirds,


� two of ten swamp sparrows  


� one of 13 song sparrows 


o	 Reach 7 (Heard Pond)) 


� one of one northern waterthrush 


� four of 14 red-winged blackbirds


o	 Charles River (reference) 


� Three of ten red-winged blackbirds


x	 The mean blood Hg levels were highest in the red-winged blackbird and Northern 

Waterthrush. 

x	 The mean blood Hg levels in the five target marshbird species increased as follows: 

yellow warbler < common yellowthroat < song sparrow < swamp sparrow < red-winged 

blackbird. 
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x The song sparrow had the largest blood sample size at all of the sampling locations. The 

mean blood Hg levels for this species increased as follows: reach 7 (Heard Pond) < 

Reach 8 (Macone’s) < Charles River < reach 8 (Middle GMNWR). 

x The blood Hg levels measured in adult song birds were useful indicators to help evaluate 

the potential risk of Hg exposure to insectivorous birds foraging on the Sudbury River. 
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Appendix I. Regression model analysis for Tree Swallow blood-egg relationship. 

(Mike Newman, Virginia Institute of Marine Sciences, College of William and Mary) 

The regression modeling conducted by BRI was reviewed in January 2006 at the 
request of the U.S. Fish and Wildlife Service.  The associated data were analyzed using 
SAS after some minor transformation and assumptions were made. First, a univariate 
statistic was applied instead of using the data for each egg directly because eggs taken 
from each nest varied in number and laying order. There was no reason to assume a 
normal distribution for these sparse clutch data so the geometric mean of clutch eggs 
was chosen as the statistic instead of the arithmetic mean. The error associated with 
blood Hg was judged to be quite small relative to that associated with the geometric 
mean of the egg Hg concentrations. This was based on subjective knowledge of the 
accuracy/precision of the Hg analyses, not a rigorous examination of the associated 
QC/QA data for the blood analyses.  Therefore, a conventional predictive regression 
method was applied to the BRI modeling. However, the geometric mean of egg Hg 
concentrations was used as the dependent variable instead of the arithmetic mean. 

Preliminary data plots suggested that a linear, unweighted regression model be applied 

to untransformed data: Geometric Mean [Hg]egg = 0.4554[Hg]blood - 0.047� where data 
were assumed to be sufficiently normally distributed and the independence of the value 
of [Hg]blood was allowed for useful prediction in the region of interest.  The assumptions 
associated with the error term were explored as detailed in the SAS output shown 
below. 

Because the focus of the modeling was prediction, prediction residual analyses were 
also done as well as plots of actual observations, predicted values, and Upper/Lower 
95% confidence intervals for the individual predictions. 

1. 	The use of a Type 1 (predictive) regression model is rejected because the strict 
requirement of a Type 1 model is that the independent variable be known without 
any error. In practice, Type 1 models are avoided if the independent variable has 
enough error to make its predictions suspect. My judgment is that the error in the 
blood Hg analyses is small relative to the egg geometric mean mercury 
concentration and a Type 1 model was applied to make predictions. 

2. 	The normality of residuals was assessed (see page 2 of the SAS output below) 
using PROC UNIVARIATE tests. None of the four conventional normality tests 
rejected the null hypothesis of a normal distribution.  The normal plot on page 4 
shows good agreement with a normal distribution with some deviations at the 
higher values. 

3. 	Heteroscadasticity was assessed by plotting the residuals against the 
independent variable (page 11 of output). The lowest blood mercury values had 
less variability than the other observations but the trend was not obvious enough 
to warrant data transformations or regression weighting. To further bolster 
acceptance of the assumption of homoscadasticity, I noted that the plots of 
prediction residuals (pages 7 or 10 of the output) did not suggest a problem with 
predictions in the region of interest.   

4. 	There was reason to assume that the eggs within a clutch are dependent so I 
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rejected this approach in the regression analyses.  The inferences or predictions 
are made about geometric means of egg mercury concentrations, not individual 
eggs so the point being made is not relevant to the analyses shown here. 

5. 	The residual plot for the original model did not clearly suggest the need for a log 
transformation. 

6. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg Hg is 
1.5 ug/g Blood Hg.

7. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg Hg is 
1.5 ug/g Blood Hg.

8. 	Regardless, the variability in the model could argue for a conservative stance, 
i.e., use the lower 95% fiducial limit instead of the mean predicted value.  Also, a 
conservative stance appears prudent because predictions are made for clutch 
geometric means, not individual eggs. 
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SAS Output – July 3, 2006 
Regression Analysis of Tree Swallow Blood Hg/Geometric Mean Egg HG Data 

The SAS System    14:25 Monday, July 3, 2006  1

   The REG Procedure 
 Model: MODEL1 

 Dependent Variable: EGGHG
  Analysis of Variance 

  Sum of   Mean 
  Source DF  Squares Square F Value    Pr > F 

  Model  1

  Error  97

  Corrected Total 98


 0.31632  0.31632  104.99    <.0001 
 0.29225  0.00301 
 0.60857 

Root MSE  0.05489 R-Square  0.5198 
Dependent Mean  0.13973 Adj R-Sq  0.5148 
Coeff Var 39.28371 

  Parameter Estimates 
 Parameter     Standard 

  Variable    DF Estimate    Error    t Value   Pr > |t| 
  Intercept 1  0.04264  0.01096   3.89 0.0002 
  BLOODHG 1  0.23673  0.02310  10.25 <.0001 

 The SAS System  14:25 Monday, July 3, 2006 2 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Moments 
N 99  Sum Weights  99 
Mean  0  Sum Observations  0 
Std Deviation   0.05460929  Variance   0.00298217 
Skewness  0.11241816  Kurtosis   0.87935874 
Uncorrected SS  0.29225307  Corrected SS   0.29225307 
Coeff Variation  .  Std Error Mean   0.00548844 

 Basic Statistical Measures 
 Location  Variability 

  Mean 0.00000  Std Deviation   0.05461 
  Median   -0.00525  Variance  0.00298 
  Mode  . Range  0.30237 

Interquartile Range   0.06927 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  0   Pr > |t|    1.0000 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -30    Pr >= |S|   0.9172

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.981098  Pr < W   0.1665 
Kolmogorov-Smirnov   D  0.064282  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.054131  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.475942  Pr > A-Sq   0.2394 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.14864095
 99%    0.14864095
 95%    0.07753801
 90%    0.06763168
 75% Q3   0.03674980
 50% Median  -0.00524604
 25% Q1  -0.03251554 

 The SAS System  14:25 Monday, July 3, 2006 3 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Quantiles (Definition 5) 
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 Quantile Estimate
 10%   -0.06276059
 5%  -0.08947494
 1%  -0.15372734
 0% Min   -0.15372734

  Extreme Observations 
 -------Lowest------  ------Highest----- 

  Value  Obs   Value   Obs 
 -0.1537273   89  0.077538   95 
 -0.1436161   71  0.124758   43 
 -0.1080088   65  0.137627   13 
 -0.1078949   11  0.141023   94 
 -0.0894749   79  0.148641   90 

Stem Leaf #  Boxplot 
  14 19  2  0
  12 58  2  |
 10  |
 8  |

   6 04892458   8  |
   4 22247777823  11  |
   2 23459245679  11  +-----+ 
   0 0356677233559 13  | +  | 
  -0 877544887665532  15  *-----* 
  -2 9863209888765211 16  +-----+ 
  -4 86977765531  11  |
  -6 43953  5  |
  -8 9 1  |
 -10 88  2  |
 -12 
 -14 44  2  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 4 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Normal Probability Plot 
0.15+ * * 

| **  ++++ 
|  +++ 

0.09+ ++++ 
|    +****** 
|  ***** 

0.03+  ****
 | +**** 
|  ***** 

  -0.03+  ****** 
| ***** 
| ****++ 

  -0.09+ +*++ 

| ++** 


  |++++ 

  -0.15+* * 

   +----+----+----+----+----+----+----+----+----+----+ 
-2 -1 0 +1  +2 

 The SAS System  14:25 Monday, July 3, 2006 5 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Moments 
N 99  Sum Weights  99 
Mean   -0.0001244  Sum Observations    -0.0123165 
Std Deviation   0.05663067  Variance   0.00320703 
Skewness  0.08791625  Kurtosis   1.14463193 
Uncorrected SS  0.31429076  Corrected SS   0.31428923 
Coeff Variation  -45519.704  Std Error Mean 0.0056916 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -0.00012  Std Deviation   0.05663 
  Median   -0.00531  Variance  0.00321 
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  Mode  . 	 Range  0.33031 
Interquartile Range   0.07000 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -0.02186    Pr > |t|    0.9826 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -34    Pr >= |S|   0.9062

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.979086  Pr < W   0.1165 
Kolmogorov-Smirnov   D  0.069727  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.062547  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.534278  Pr > A-Sq   0.1748 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.16656644
 99%    0.16656644
 95%    0.07945935
 90%    0.06870225
 75% Q3   0.03714341
 50% Median  -0.00530742
 25% Q1  -0.03285370 

 The SAS System  14:25 Monday, July 3, 2006 6 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Quantiles (Definition 5)
 Quantile Estimate
 10%   -0.06342112
 5%  -0.09048422
 1%  -0.16373872
 0% Min   -0.16373872

  Extreme Observations 

 -------Lowest------  
  Value  Obs  

 -0.1637387   71
 -0.1572261   89
 -0.1113461   65
 -0.1095890   11
 -0.0904842   79

------Highest------ 
  Value   Obs 

 0.0794593    95
 0.1264071    43
 0.1393174    13
 0.1430300    94
 0.1665664    90 

Stem Leaf 	 #  Boxplot 
  16 7 	 1  0
  14 3 	 1  0
  12 69	  2  |
 10	  |
 8	  |

   6 15903569   	 8  |
   4 033357888035  12	  |
   2 2355025667 10  +-----+ 
   0 0356688233559 13  | | 
  -0 888554887765532  15  *--+--* 
  -2 973210998875311  15  +-----+ 
  -4 970888755330  12	  |
  -6 5463 	 4  |
  -8 01  2  |
 -10 10  2  |
 -12 
 -14 7 	 1  0
 -16 4 	 1  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 7 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Normal Probability Plot 
0.17+ * 

| 	 * + 
| 	 **  +++ 
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| ++++ 
| +++ 
|    +****** 
|  ***** 
|  ****
 |  **** 
|  ***** 
|  ****** 
| ***** 
|  ***++ 
|  **+ 
| ++** 

  | +++ 
|+ * 

  -0.17+* 
   +----+----+----+----+----+----+----+----+----+----+ 

-2 -1 0 +1  +2 
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Obs   BLOODHG   PEGGHG    LOWER
 1    0.463   0.15225   0.04273  
2    0.796   0.23108   0.12017  
3    0.707   0.21001   0.09968  
4    0.292   0.11177   0.00214  
5    0.368   0.12976   0.02025  
6    0.483   0.15698   0.04744  
7    0.383   0.13331   0.02381  
8    0.390   0.13497   0.02547  
9    0.439   0.14657   0.03707  
10    0.459   0.15130   0.04179  

11    0.584   0.18089   0.07111  

12    0.380   0.13260   0.02310  

13    0.303   0.11437   0.00477  

14    0.341   0.12337   0.01383  

15    0.410   0.13970   0.03021  

16    0.386   0.13402   0.02453  

17    0.191   0.08786  -0.02209  

18    0.106   0.06774  -0.04264  

19    0.727   0.21475   0.10430  

20    0.171   0.08312  -0.02691  

21    0.111   0.06892  -0.04143  

22    0.134   0.07437  -0.03585  

23    0.119   0.07081  -0.03949  

24    0.071   0.05945  -0.05114  

25    0.168   0.08241  -0.02764  

26    0.105   0.06750  -0.04288  

27    0.244   0.10041  -0.00935  

28    0.510   0.16338   0.05379  

29    0.385   0.13379   0.02429  

30    0.244   0.10041  -0.00935  

31    0.338   0.12266   0.01312  

32    0.501   0.16125   0.05168  

33    0.244   0.10041  -0.00935  

34    0.296   0.11272   0.00310  

35    0.556   0.17427   0.06457  

36    0.684   0.20457   0.09436  

37    0.598   0.18421   0.07438  

38    0.470   0.15391   0.04438  

39    0.195   0.08881  -0.02113  

40    0.335   0.12195   0.01240  

41    0.336   0.12219   0.01264  

42    0.291   0.11153   0.00191  

43    0.539   0.17024   0.06059  

44    0.374   0.13118   0.02168  

45    0.583   0.18066   0.07088  

46    0.147   0.07744  -0.03271  

47    0.217   0.09401  -0.01583  

48    0.229   0.09685  -0.01295  

49    0.233   0.09780  -0.01199  

50    0.281   0.10916  -0.00049  

51    0.284   0.10988   0.00023  


 UPPER  EGGHG   PREDRES   REGRES 
0.26177  0.189   0.03714   0.03675 
0.34199  0.279   0.04973   0.04792 
0.32035  0.257   0.04823   0.04699 
0.22139  0.172   0.06100   0.06023 
0.23927  0.067  -0.06342  -0.06276 
0.26653  0.110  -0.04751  -0.04698 
0.24281  0.119  -0.01446  -0.01431 
0.24446  0.150   0.01519   0.01503 
0.25607  0.189   0.04287   0.04243 
0.26082  0.086  -0.06600  -0.06530 
0.29068  0.073  -0.10959  -0.10789 
0.24210  0.180   0.04789   0.04740 
0.22397  0.252   0.13932   0.13763 
0.23291  0.136   0.01277   0.01263 
0.24919  0.212   0.07303   0.07230 
0.24352  0.140   0.00604   0.00598 
0.19781  0.049  -0.03960  -0.03886 
0.17811  0.060  -0.00795  -0.00774 
0.32520  0.194  -0.02134  -0.02075 
0.19316  0.157   0.07540   0.07388 
0.17927  0.067  -0.00197  -0.00192 
0.18459  0.068  -0.00652  -0.00637 
0.18112  0.033  -0.03879  -0.03781 
0.17004  0.037  -0.02316  -0.02245 
0.19247  0.054  -0.02901  -0.02841 
0.17788  0.099   0.03236   0.03150 
0.21016  0.072  -0.02884  -0.02841 
0.27296  0.117  -0.04693  -0.04638 
0.24328  0.146   0.01234   0.01221 
0.21016  0.086  -0.01462  -0.01441 
0.23220  0.147   0.02461   0.02434 
0.27082  0.156  -0.00531  -0.00525 
0.21016  0.123   0.02294   0.02259 
0.22233  0.113   0.00029   0.00028 
0.28396  0.144  -0.03069  -0.03027 
0.31478  0.212   0.00761   0.00743 
0.29404  0.231   0.04757   0.04679 
0.26343  0.198   0.04457   0.04409 
0.19874  0.131   0.04298   0.04219 
0.23149  0.094  -0.02826  -0.02795 
0.23173  0.127   0.00487   0.00481 
0.22116  0.119   0.00756   0.00747 
0.27989  0.295   0.12641   0.12476 
0.24068  0.095  -0.03656  -0.03618 
0.29044  0.245   0.06535   0.06434 
0.18760  0.048  -0.03012  -0.02944 
0.20386  0.097   0.00304   0.00299 
0.20666  0.048  -0.04964  -0.04885 
0.20759  0.113   0.01544   0.01520 
0.21882  0.115   0.00591   0.00584 
0.21952  0.067  -0.04344  -0.04288 

 The SAS System  14:25 Monday, July 3, 2006 9 

Obs   BLOODHG   PEGGHG    LOWER
 52    0.296   0.11272   0.00310  
53    0.303   0.11437   0.00477  
54    0.320   0.11840   0.00883  

 UPPER  EGGHG   PREDRES   REGRES 
0.22233  0.068  -0.04528  -0.04472 
0.22397  0.097  -0.01759  -0.01737 
0.22797  0.165   0.04715   0.04660 
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55    0.328   0.12029   0.01074  0.22985  0.073  -0.04783  -0.04729 
56    0.334   0.12171   0.01217  0.23126  0.104  -0.01791  -0.01771 
57    0.346   0.12455   0.01502  0.23408  0.080  -0.04504  -0.04455 
58    0.698   0.20788   0.09760  0.31817  0.242   0.03498   0.03412 
59    0.346   0.12455   0.01502  0.23408  0.122  -0.00258  -0.00255 
60    0.305   0.11485   0.00525  0.22444  0.134   0.01939   0.01915 
61    0.443   0.14752   0.03801  0.25702  0.115  -0.03285  -0.03252 
62    0.411   0.13994   0.03045  0.24943  0.082  -0.05853  -0.05794 
63    0.542   0.17095   0.06129  0.28061  0.124  -0.04758  -0.04695 
64    0.514   0.16432   0.05473  0.27392  0.159  -0.00539  -0.00532 
65    0.745   0.21901   0.10845  0.32957  0.111  -0.11135  -0.10801 
66    0.446   0.14823   0.03872  0.25773  0.092  -0.05681  -0.05623 
67    0.312   0.11650   0.00692  0.22609  0.156   0.03997   0.03950 
68    0.325   0.11958   0.01002  0.22914  0.088  -0.03194  -0.03158 
69    0.413   0.14041   0.03092  0.24990  0.132  -0.00850  -0.00841 
70    0.423   0.14278   0.03329  0.25227  0.128  -0.01493  -0.01478 
71    1.208   0.32862   0.21317  0.44406  0.185  -0.16374  -0.14362 
72    0.851   0.24410   0.13276  0.35544  0.203  -0.04302  -0.04110 
73    0.586   0.18137   0.07158  0.29116  0.249   0.06870   0.06763 
74    0.555   0.17403   0.06434  0.28372  0.210   0.03647   0.03597 
75    0.181   0.08549  -0.02450  0.19548  0.068  -0.01784  -0.01749 
76    0.267   0.10585  -0.00384  0.21554  0.081  -0.02520  -0.02485 
77    0.470   0.15391   0.04438  0.26343  0.081  -0.07370  -0.07291 
78    0.234   0.09804  -0.01175  0.20783  0.140   0.04263   0.04196 
79    0.333   0.12147   0.01193  0.23102  0.032  -0.09048  -0.08947 
80    0.180   0.08525  -0.02474  0.19525  0.059  -0.02678  -0.02625 
81    0.063   0.05756  -0.05308  0.16820  0.052  -0.00574  -0.00556 
82    0.159   0.08028  -0.02981  0.19038  0.102   0.02219   0.02172 
83    0.062   0.05732  -0.05333  0.16797  0.092   0.03581   0.03468 
84    0.178   0.08478  -0.02523  0.19479  0.064  -0.02120  -0.02078 
85    0.134   0.07437  -0.03585  0.18459  0.047  -0.02803  -0.02737 
86    0.167   0.08218  -0.02788  0.19223  0.151   0.07027   0.06882 
87    0.667   0.20054   0.09042  0.31067  0.230   0.03011   0.02946 
88    0.131   0.07365  -0.03658  0.18389  0.067  -0.00682  -0.00665 
89    0.672   0.20173   0.09158  0.31187  0.048  -0.15723  -0.15373 
90    1.152   0.31536   0.20071  0.43001  0.464   0.16657   0.14864 
91    0.635   0.19297   0.08299  0.30294  0.245   0.05304   0.05203 
92    0.581   0.18018   0.07041  0.28996  0.255   0.07598   0.07482 
93    0.822   0.23724   0.12613  0.34834  0.250   0.01330   0.01276 
94    0.559   0.17498   0.06527  0.28468  0.316   0.14303   0.14102 
95    0.692   0.20646   0.09621  0.31671  0.284   0.07946   0.07754 
96    1.310   0.35276   0.23575  0.46977  0.284  -0.08124  -0.06876 
97    0.769   0.22469   0.11397  0.33541  0.278   0.05512   0.05331 
98    0.345   0.12432   0.01478  0.23385  0.050  -0.07513  -0.07432 
99    0.586   0.18137   0.07158  0.29116  0.206   0.02502   0.02463 
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 The SAS System  14:25 Monday, July 3, 2006  10

  Plot of EGGHG*BLOODHG.   Symbol used is '*'. 
  Plot of PEGGHG*BLOODHG.  Symbol used is 'P'. 
  Plot of LOWER*BLOODHG.   Symbol used is 'L'. 
  Plot of UPPER*BLOODHG.   Symbol used is 'U'. 

EGGHG ‚ 
‚ 

  0.5 ˆ 
‚ 

‚  * U 

‚  U 

‚  U 

‚ 


  0.4 ˆ 
‚ 

‚ 

‚   UU U   P 

‚  UUU  P 

‚ * UUU  P 


  0.3 ˆ  *   U U

 ‚  UUUU * * * * 

‚  UUUU 

‚  *  U UUU   * *  * * P 

‚ UUUU  *  *   PP L 

‚ UUUU * *   *P PPP  L 


  0.2 ˆ UUUUU  * *  P PPP * * L 

‚    UUUUU  *  * *  PP  * 

‚  U    **    P*PPP 

‚ * **  * PPPPP*  * 

‚   * *   * * P* * L L 

‚  ** **PP* * * * * *   *L L 


  0.1 ˆ  * * * *PPP * * *  *   LL L 

‚   PPPP ** ** * *  L L 

‚  P *** * * ** * *   LLL*L 

‚  *  **** *  *  LLLL  * 

‚  * * *  L LLL 

‚ LLLLL 


  0.0 ˆ  LLLL 

‚  LLLLL 

‚ LLLLL 

‚  L L 

‚ 

‚ 


 -0.1 ˆ 
‚ 

  Šƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒ
 0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4 

BLOODHG 

NOTE: 184 obs hidden. 
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  Plot of REGRES*BLOODHG.  Symbol used is '*'. 

‚ 


   0.15 ˆ * 

‚ * * 

‚ 

‚ * 

‚ 

‚ 


   0.10 ˆ 
‚ 

‚ 

‚ * *  * * 

‚ * * 

‚ * 


   0.05 ˆ * * * *   *  * * 

‚ * *   * * * 

‚   * *  * *   * * 

‚ * * *  * 

‚ * * *  *  *


R ‚ *  *  *  * 
e 0.00 ˆƒƒƒƒƒƒƒƒ*ƒƒƒƒƒ*ƒƒƒƒ*ƒƒ*ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
s ‚   * * *  * ** 
i ‚ *  * * *  * *  * 
d ‚ *   * **  ** * 
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u ‚ *   * * * * 
a ‚ * *    ** * * 
l -0.05 ˆ * *    * * * 

‚  * * 
‚ * * * 
‚ * * 
‚ 
‚ * 


  -0.10 ˆ 

‚ * * 
‚ 
‚ 
‚ 
‚ * 


  -0.15 ˆ * 

‚ 

‚ 

‚ 

‚ 

‚ 


  -0.20 ˆ 

‚ 
 Šƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒ
  0.0   0.2   0.4   0.6   0.8   1.0   1.2

 BLOODHG    NOTE: 5 obs hidden. 
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The UNIVARIATE Procedure
   Variable:  PREDDEV 

 Moments 
N 99  Sum Weights  99 
Mean   -19.223262  Sum Observations  -1903.103 
Std Deviation   60.4238838  Variance   3651.04573 
Skewness  -2.4669797  Kurtosis   9.12709701 
Uncorrected SS 394386.33  Corrected SS   357802.482 
Coeff Variation -314.3269  Std Error Mean   6.07282882 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -19.2233  Std Deviation  60.42388 
  Median -3.3889  Variance  3651 
  Mode  . Range   382.83913 

Interquartile Range  59.94319 

 Tests for Location: Mu0=0 

Test    -Statistic-    -----p Value------
Student's t t  -3.16545    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -629    Pr >= |S|   0.0274 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  55.28469 
99% 55.28469 
95% 42.84985 
90% 32.80966 
75% Q3 19.82892 
50% Median -3.38887 
25% Q1    -40.11427 
10%    -88.50741 
5%   -117.54023 
1%   -327.55444 
0% Min   -327.55444 

 The SAS System 14:25 Monday, July 3, 2006  13 

The UNIVARIATE Procedure
   Variable:  PREDDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -327.554   89  42.8498 43 
   -282.763   79  45.2627 94 
   -150.262   98  46.5352 86 

BioDiversity Research Institute A.I-9 
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   -150.122   11  48.0262 20 
   -117.540   23  55.2847 13 
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The UNIVARIATE Procedure
   Variable:  REGRDEV 

 Moments 
N 99  Sum Weights  99 
Mean  -18.81333  Sum Observations    -1862.5197 
Std Deviation   59.2653479  Variance   3512.38147 
Skewness -2.478374  Kurtosis   9.18110185 
Uncorrected SS  379253.582  Corrected SS   344213.384 
Coeff Variation  -315.01785  Std Error Mean   5.95639158 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -18.8133  Std Deviation  59.26535 
  Median -3.3482  Variance  3512 
  Mode  . Range   374.87919 

Interquartile Range  59.08249 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -3.15851    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -624    Pr >= |S|   0.0287 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  54.61391 
99% 54.61391 
95% 42.29089 
90% 32.03469 
75% Q3 19.44434 
50% Median -3.34815 
25% Q1    -39.63815 
10%    -79.30386 
5%   -114.58828 
1%   -320.26529 
0% Min   -320.26529 
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The UNIVARIATE Procedure
   Variable:  REGRDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -320.265   89  42.2909 43 
   -279.609   79  44.6277 94 
   -148.631   98  45.5779 86 
   -147.801   11  47.0546 20 
   -114.588   23  54.6139 13 

SAS CODE Including Data Used to Generate the Above Output 
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Blood Hg Egg #1 Hg Egg #2 Hg Egg #3 Hg Egg # 4 Hg Egg # 5 Hg GeoMean Egg 

0.463 0.152 0.235 0.189 

0.796 0.200 0.332 0.334 0.273 0.279 

0.707 0.257 0.257 

0.292 0.172 0.172 

0.368 0.067 0.067 

0.483 0.131 0.092 0.110 

0.383 0.119 0.119 

0.390 0.150 0.150 

0.439 0.192 0.186 0.189 

0.459 0.086 0.086 

0.584 0.073 0.073 

0.346 0.122 0.122 

0.305 0.134 0.134 

0.443 0.115 0.115 

0.411 0.082 0.082 

0.380 0.180 0.180 

0.303 0.252 0.252 

0.341 0.136 0.136 

0.410 0.212 0.212 

0.386 0.140 0.140 

0.147 0.048 0.048 

0.217 0.097 0.097 

0.229 0.048 0.048 

0.233 0.113 0.113 

0.281 0.115 0.115 

0.284 0.067 0.067 

0.296 0.068 0.068 

0.303 0.097 0.097 

0.320 0.165 0.165 

0.328 0.073 0.073 

0.334 0.104 0.104 

0.346 0.080 0.080 

0.698 0.242 0.242 

0.542 0.124 0.124 

0.514 0.159 0.159 

0.745 0.111 0.111 

0.446 0.092 0.092 

0.312 0.175 0.139 0.156 

0.325 0.088 0.088 

0.413 0.132 0.132 

0.423 0.128 0.128 

1.208 0.185 0.185 

0.851 0.203 0.203 

0.586 0.249 0.249 

0.555 0.210 0.210 

0.191 0.049 0.049 

0.181 0.068 0.068 

0.267 0.081 0.081 

0.470 0.081 0.081 

0.234 0.114 0.172 0.140 

0.333 0.032 0.032 

0.180 0.059 0.059 

0.063 0.042 0.065 0.052 

0.159 0.072 0.145 0.102 

0.106 0.060 0.060 

0.062 0.092 0.092 

0.178 0.061 0.062 0.067 0.066 0.064 

0.134 0.048 0.046 0.047 

0.667 0.230 0.151 

0.185 0.308 0.230 

0.131 0.067 0.067 

0.672 0.048 0.048 

0.727 0.193 0.196 0.194 

0.171 0.157 0.157 

0.111 0.067 0.067 

0.134 0.049 0.093 0.068 

0.119 0.033 0.033 

0.071 0.052 0.026 0.037 

0.168 0.054 0.054 

0.105 0.099 0.099 

0.244 0.072 0.072 

0.510 0.117 0.117 
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Appendix II. Location of sampling areas on the Sudbury and Charles Rivers for insectivorous 

marshbirds, 2003 and 2004. 
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Appendix III 

blackbird 2003, 2005, and 2006. 

Location of sampling areas on the Sudbury and Charles Rivers for Red-winged 
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Marshbird Hg levels for the Nyanza Risk Assessment 

Appendix IV. Marshbird blood and feather Hg concentrations, Nyanza, 2003-2004 


Species Site Date Band Age Sex Blood hg Lab bl # Feath Hg Lab f Lab 

American Goldfinch Charles River 7/29/03 2210-530-19 adult female 0.003 CRBBAG0001-0-030729 Texas A&M 

American Goldfinch Charles River 7/29/03 2210-530-24 adult male 0.004 CRBBAG0002-0-030729 Texas A&M 

American Goldfinch Charles River 7/29/03 2210-530-25 adult male 0.028 CRBBAG0003-0-030729 Texas A&M 

American Goldfinch Sudbury River - Heard Pd 7/18/03 2210-530-11 adult female 0.014 SHBBAG0001-0-030718 Texas A&M 

American Goldfinch Sudbury River - Heard Pd 7/18/03 2210-530-12 adult male 0.005 SHBBAG0002-0-030718 Texas A&M 

American Goldfinch Sudbury River - Heard Pd 7/25/03 2210-530-17 adult male 0.009 SHBBAG0003-0-030725 Texas A&M 

American Goldfinch Sudbury River-Macone's 08/12/03 2210-530-42 adult female 0.014 SABBAG0001-0-030812 Texas A&M 

American Goldfinch Sudbury River-Macone's 08/12/03 2210-530-43 adult male 0.007 SABBAG0002-0-030812 Texas A&M 

American Goldfinch Sudbury River-Macone's 08/13/03 2210-530-44 adult male 0.011 SABBAG0003-0-030813 Texas A&M 

American Goldfinch Sudbury River-Middle 07/31/03 2210-530-32 adult female 0.012 SMBBAG0001-0-030731 Texas A&M 

American Goldfinch Sudbury River-Middle 08/06/03 2210-530-36 adult male 0.013 SMBBAG0002-0-030806 Texas A&M 

American Goldfinch Sudbury River-Middle 08/06/03 2210-530-37 adult female 0.016 SMBBAG0003-0-030806 Texas A&M 

American Robin Sudbury River - Heard Pd 8/11/04 1152-968-06 Adult Male 0.055 Texas A&M 

American Robin Sudbury River - Middle 8/4/05 1152-968-34 Juvenile Unknown 0.091 Texas A&M 

Baltimore Oriole Sudbury River - Middle 8/4/05 1781-913-55 Juvenile Unknown 0.093 Texas A&M 

Barn Swallow Charles River 8/16/04 1881-801-25 Juvenile Unknown 0.117 Texas A&M 

Brown-headed Cowbird Charles River 7/29/03 1781-973-18 juvenile unknown 0.235 CRBBBC0001-0-030729 Texas A&M 

Common Yellowthroat Charles River 7/29/03 2210-530-23 adult female 0.338 CRBBCY0001-0-030729 Brooks Rand 

Common Yellowthroat Charles River 7/29/03 2210-530-27 juvenile unknown 0.057 CRBBCY0002-0-030729 5.960 CRBFCY0002-0-030729 Brooks Rand 

Common Yellowthroat Charles River 8/16/04 2210-530-70 Adult Female 0.080 Texas A&M 

Common Yellowthroat Charles River 8/16/04 2210-530-71 Adult Female 0.035 Texas A&M 

Common Yellowthroat Charles River 8/16/04 2210-530-76 Adult Female 0.045 Texas A&M 

Common Yellowthroat Charles River 8/16/04 2210-530-84 Adult Female 0.123 Texas A&M 

Common Yellowthroat Sudbury River - Heard Pd 7/18/03 1851-994-60 adult female 0.203 SHBBCY0001-0-030718 1.897 SHBFCY0001-0-030718 Brooks Rand 

Common Yellowthroat Sudbury River-Macone's 08/13/03 2210-530-45 juvenile unknown 0.120 SABBCY0001-0-030813 Texas A&M 

Common Yellowthroat Sudbury River-Macone's 08/13/03 2210-530-46 juvenile unknown 0.165 SABBCY0002-0-030813 Texas A&M 

Common Yellowthroat Sudbury River-Middle 7/31/03 2210-530-31 adult female 0.437 SMBBCY0001-0-030731 0.908 SMBFCY0001-0-030731 Brooks Rand 

Common Yellowthroat Sudbury River-Middle 8/06/03 2210-530-33 adult male 0.148 SMBBCY0002-0-030806 Brooks Rand 

Common Yellowthroat Sudbury River-Middle 8/06/03 2210-530-38 juvenile? unknown 0.101 SMBBCY0003-0-030806 6.415 SMBFCY0003-0-030806 Brooks Rand 

Common Yellowthroat Sudbury River-Middle 8/07/03 2210-530-39 juvenile? unknown 0.044 SMBBCY0004-0-030807 6.469 SMBFCY0004-0-030807 Brooks Rand 

Downy Woodpecker Sudbury River - Heard Pd 7/18/03 1711-543-07 adult female 0.028 SHBBDW0001-0-030718 Texas A&M 

Eastern Kingbird Charles River 8/16/04 1711-543-75 Adult Female 0.105 Texas A&M 

Eastern Phoebe Charles River 8/17/04 1881-801-28 Juvenile Unknown 0.131 Texas A&M 

Eastern Titmouse Sudbury River - Heard Pd 7/22/03 1711-543-16 juvenile unknown 0.041 SHBBET0001-0-030722 Texas A&M 

Gray Catbird Charles River 7/29/03 1781-913-17 adult female 0.185 CRBBGC0002-0-030729 Texas A&M 

Gray Catbird Charles River 7/29/03 1781-913-16 juvenile unknown 0.052 CRBBGC0001-0-030729 Texas A&M 

Gray Catbird Charles River 7/30/03 1781-913-19 adult female 0.083 CRBBGC0003-0-030730 Texas A&M 

Gray Catbird Charles River 7/30/03 1781-913-20 juvenile unknown 0.066 CRBBGC0004-0-030730 Texas A&M 

Gray Catbird Sudbury River - Heard Pd 7/25/03 1781-913-15 juvenile unknown 0.042 SHBBGC0001-0-030725 Texas A&M 

Gray Catbird Sudbury River-Middle 08/07/03 1781-913-23 juvenile unknown 0.027 Texas A&M 

Marsh Wren Sudbury River - Middle 8/4/05 1881-801-83 Juvenile Unknown 0.662 Texas A&M 

Northern Waterthrush Charles River 7/29/03 1851-994-84 adult unknown 0.253 CRBBNW0001-0-030729 4.055 CRBFNW0001-0-030729 Texas A&M 

Northern Waterthrush Sudbury River - Heard Pd 7/22/03 2210-530-14 adult unknown 1.590 SHBBNW0001-0-030722 0.795 SHBFNW0001-0-030722 
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Appendix IV, continued. 

Species Site Date Band Age Sex Blood hg Lab bl # Feath Hg Lab f Lab 

Red-winged Blackbird Charles River 7/30/03 1152-968-05 adult male 0.324 CRBBRB0002-0-030730 Texas A&M 

Red-winged Blackbird Charles River 7/30/03 1781-913-22 adult female 0.196 CRBBRB0001-0-030730 Texas A&M 

Red-winged Blackbird Sudbury River - Heard Pd 7/18/03 1781-913-14 adult female 1.490 SHBBRB0001-0-030718 Texas A&M 

Red-winged Blackbird Sudbury River - Heard Pd 7/18/03 1152-968-01 juvenile unknown 1.100 SHBBRB0002-0-030718 Texas A&M 

Red-winged Blackbird Sudbury River - Heard Pd 7/25/03 1152-968-03 juvenile unknown 0.459 SHBBRB0004-0-030725 Texas A&M 

Red-winged Blackbird Sudbury River - Heard Pd 7/25/03 1152-968-04 juvenile unknown 1.130 SHBBRB0005-0-030725 Texas A&M 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1192-173-09 Adult Male 4.159 S8-2-BBRB0003-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1781-913-52 Adult Female 7.901 S8-2-BBRB0005-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1781-913-53 Adult Female 9.418 S8-2-BBRB0006-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1781-913-54 Adult Female 0.012 S8-2-BBRB0007-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1152-968-30 Juvenile Female 2.401 S8-2-BBRB0001-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1192-173-08 Juvenile Male 1.557 S8-2-BBRB0002-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/3/05 1192-173-10 Juvenile Female 2.890 S8-2-BBRB0004-0-050803 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/4/05 1152-968-31 Adult Male 7.741 S8-2-BBRB0008-0-050804 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/4/05 1152-968-32 Adult Male 2.236 S8-2-BBRB0009-0-050804 Brooks Rand 

Red-winged Blackbird Sudbury River - Middle 8/4/05 1152-968-33 Juvenile Male 2.176 S8-2-BBRB0010-0-050804 Brooks Rand 

Solitary Sandpiper Sudbury River - Middle 8/2/05 unbanded Adult Unknown 1.040 Texas A&M 

Song Sparrow Charles River 7/28/03 1711-543-24 juvenile unknown 0.151 CRBBSS0001-0-030728 Texas A&M 

Song Sparrow Charles River 7/29/03 1711-543-26 adult male 0.379 CRBBSS0003-0-030729 3.363 CRBFSS0003-0-030729 Brooks Rand 

Song Sparrow Charles River 7/29/03 1711-543-28 adult male 0.354 CRBBSS0005-0-030729 13.611 CRBFSS0005-0-030729 Brooks Rand 

Song Sparrow Charles River 7/29/03 1711-543-25 juvenile unknown 0.230 CRBBSS0002-0-030729 Texas A&M 

Song Sparrow Charles River 7/29/03 1711-543-27 juvenile unknown 0.188 CRBBSS0004-0-030729 Texas A&M 

Song Sparrow Charles River 7/30/03 1711-543-30 adult female 0.413 CRBBSS0007-0-030730 5.311 CRBFSS0007-0-030730 Brooks Rand 

Song Sparrow Charles River 7/30/03 1711-543-29 juvenile unknown 0.555 CRBBSS0006-0-030730 Texas A&M 

Song Sparrow Charles River 7/30/03 1711-543-31 juvenile unknown 0.226 CRBBSS0008-0-030730 2.015 CRBFSS0008-0-030730 Brooks Rand 

Song Sparrow Charles River 8/16/04 1711-543-72 Adult Female 0.192 CR-0-BBSS0002-040816 Brooks Rand 

Song Sparrow Charles River 8/16/04 1711-543-76 Adult Unknown 0.209 CR-0-BBSS0004-040816 Brooks Rand 

Song Sparrow Charles River 8/16/04 1711-543-71 Juvenile Unknown 0.059 CR-0-BBSS0001-040816 Brooks Rand 

Song Sparrow Charles River 8/16/04 1711-543-77 Juvenile Unknown 0.089 CR-0-BBSS0005-040816 Brooks Rand 

Song Sparrow Charles River 8/16/04 1711-543-78 Juvenile Unknown 0.114 CR-0-BBSS0006-040816 Brooks Rand 

Song Sparrow Charles River 8/16/04 1711-543-79 Juvenile Unknown 0.086 CR-0-BBSS0007-040816 Brooks Rand 

Song Sparrow Charles River 8/17/04 1711-543-82 Adult Female 0.203 CR-0-BBSS0009-040817 Brooks Rand 

Song Sparrow Charles River 8/17/04 1711-543-81 Juvenile Unknown 0.078 CR-0-BBSS0008-040817 Brooks Rand 

Song Sparrow Charles River 8/17/04 1711-543-83 Juvenile Unknown 0.062 CR-0-BBSS0010-040817 Brooks Rand 

Song Sparrow Charles River 8/17/04 1711-543-84 Juvenile Unknown 0.079 CR-0-BBSS0011-040817 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/18/03 1711-543-04 adult female 0.082 SHBBSS0001-030718 5.445 SHBFSS0001-030718 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/18/03 1711-543-06 adult unknown 0.178 SHBBSS0003-0-030718 0.263 SHBFSS0003-030718 Texas A&M 

Song Sparrow Sudbury River - Heard Pd 7/18/03 1711-543-10 adult unknown 0.164 SHBBSS0006-0-030718 1.755 SHBFSS0006-0-030718 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/18/03 1711-543-05 juvenile unknown 0.318 SHBBSS0002-0-030718 8.567 SHBFSS0002-030718 Texas A&M 

Song Sparrow Sudbury River - Heard Pd 7/18/03 1711-543-08 juvenile unknown 0.139 SHBBSS0004-0-030718 1.739 SHBFSS0004-0-030718 Texas A&M 

Song Sparrow Sudbury River - Heard Pd 7/18/03 1711-543-09 juvenile unknown 0.155 SHBBSS0005-0-030718 0.403 SHBFSS0005-0-030718 Texas A&M 

Song Sparrow Sudbury River - Heard Pd 7/22/03 1711-543-11 adult male 0.143 SHBBSS0007-0-030722 0.920 SHBFSS0007-0-030722 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/22/03 1711-543-15 juvenile unknown 0.192 SHBBSS0009-0-030722 0.584 SHBFSS0009-0-030722 Brooks Rand 
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Appendix IV, continued. 

Species Site Date Band Age Sex Blood hg Lab bl # Feath Hg Lab f Lab 

Song Sparrow Sudbury River - Heard Pd 7/22/03 1711-543-17 juvenile unknown 0.044 SHBBSS0010-0-030722 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/22/03 1711-543-18 juvenile unknown 0.071 SHBBSS0011-0-030722 Texas A&M 

Song Sparrow Sudbury River - Heard Pd 7/22/03 1711-543-12 na na 0.169 SHBBSS0008-0-030722 Texas A&M 

Song Sparrow Sudbury River - Heard Pd 7/25/03 1711-543-20 juvenile unknown 0.071 SHBBSS0012-0-030725 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/25/03 1711-543-21 juvenile unknown 0.011 SHBBSS0013-0-030725 0.475 SHBFSS0013-0-030725 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/25/03 1711-543-22 juvenile unknown 0.074 SHBBSS0014-0-030725 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 7/25/03 1711-543-23 juvenile unknown 0.110 SHBBSS0015-0-030725 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 8/11/04 1711-543-66 Adult Female 0.845 S7-3-BBSS0001-040811 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 8/11/04 1711-543-67 Adult Male 0.169 S7-3-BBSS0002-040811 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 8/12/04 1711-543-68 Juvenile Unknown 0.159 S7-3-BBSS0003-040812 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 8/12/04 1711-543-69 Juvenile Unknown 0.077 S7-3-BBSS0004-040812 Brooks Rand 

Song Sparrow Sudbury River - Heard Pd 8/12/04 1711-543-70 Juvenile Unknown 0.087 S7-3-BBSS0005-040812 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/10/04 1711-543-57 Adult Female 0.207 S8-2-BBSS0001-040810 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/10/04 1711-543-58 Adult Male 0.306 S8-2-BBSS0002-040810 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/10/04 1711-543-61 Adult Female 0.536 S8-2-BBSS0005-040810 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/10/04 1711-543-62 Adult Female 0.508 S8-2-BBSS0006-040810 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/10/04 1711-543-59 Juvenile Unknown 0.128 S8-2-BBSS0003-040810 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/11/04 1711-543-63 Juvenile Unknown 0.520 S8-2-BBSS0007-040811 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/11/04 1711-543-64 Juvenile Unknown 0.717 S8-2-BBSS0008-040811 Brooks Rand 

Song Sparrow Sudbury River - Middle 8/11/04 1711-543-65 Juvenile Unknown 0.153 S8-2-BBSS0009-040811 Brooks Rand 

Song Sparrow Sudbury River-Macone's 08/12/03 1711-543-35 adult female 0.248 SABBSS0001-0-030812 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/12/03 1711-543-36 adult male 0.543 SABBSS0002-0-030812 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/12/03 1711-543-38 adult male 0.383 SABBSS0004-0-030812 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/12/03 1711-543-39 adult female 0.464 SABBSS0005-0-030812 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/12/03 1711-543-37 adult? male 0.142 SABBSS0003-0-030812 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/13/03 1711-543-41 adult male 0.272 SABBSS0007-0-030813 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/13/03 1711-543-42 adult male 0.095 SABBSS0008-0-030813 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/13/03 1711-543-40 juvenile unknown 0.163 SABBSS0006-0-030813 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/13/03 1711-543-43 juvenile unknown 0.408 SABBSS0009-0-030813 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/13/03 1711-543-45 juvenile unknown 0.484 SABBSS0011-0-030813 Texas A&M 

Song Sparrow Sudbury River-Macone's 08/13/03 1711-543-46 juvenile unknown 0.180 SABBSS0012-0-030813 Texas A&M 

Song Sparrow Sudbury River-Middle 07/31/03 1711-543-32 adult male 0.430 SMBBSS0001-0-030731 1.266 SMBFSS0001-0-030731 Brooks Rand 

Song Sparrow Sudbury River-Middle 08/06/03 1711-543-33 adult male 1.344 SMBBSS0002-0-030806 1.697 SMBFSS0002-0-030806 Brooks Rand 

Song Sparrow Sudbury River-Middle 08/06/03 1711-543-34 juvenile unknown 0.162 SMBBSS0005-0-030806 1.268 SMBFSS0005-0-030806 Texas A&M 

Song Sparrow Sudbury River-Middle 08/06/03 1851-994-96 juvenile unknown 0.406 SMBBSS0003-0-030806 7.794 SMBFSS0003-0-030806 Brooks Rand 

Song Sparrow Sudbury River-Middle 08/06/03 1851-994-97 juvenile unknown 0.465 SMBBSS0004-0-030806 5.682 SMBFSS0004-0-030806 Brooks Rand 

Swamp Sparrow Charles River 7/29/03 1851-994-82 juvenile unknown 0.190 CRBBSW0001-0-030729 2.019 CRBFSW0001-0-030729 Brooks Rand 

Swamp Sparrow Charles River 7/29/03 1851-994-83 juvenile unknown 0.190 CRBBSW0002-0-030729 1.732 CRBFSW0002-0-030729 Brooks Rand 

Swamp Sparrow Charles River 7/30/03 1851-994-90 adult male 0.864 CRBBSW0007-0-030730 11.450 CRBFSW0007-0-030730 Texas A&M 

Swamp Sparrow Charles River 7/30/03 1851-994-85 juvenile unknown 0.315 CRBBSW0003-0-030730 4.404 CRBFSW0003-0-030730 Brooks Rand 

Swamp Sparrow Charles River 7/30/03 1851-994-86 juvenile unknown 0.390 CRBBSW0004-0-030730 3.011 CRBFSW0004-0-030730 Brooks Rand 

Swamp Sparrow Charles River 7/30/03 1851-994-88 juvenile unknown 0.423 CRBBSW0005-0-030730 3.945 CRBFSW0005-0-030730 Brooks Rand 

Swamp Sparrow Charles River 7/30/03 1851-994-89 juvenile unknown 0.363 CRBBSW0006-0-030730 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 7/18/03 1851-994-61 adult male 0.431 SHBBSW0001-0-030718 0.580 SHBFSW0001-0-030718 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 7/22/03 1711-543-13 juvenile unknown 0.228 SHBBSW0002-0-030722 4.875 SHBFSW0002-0-030722 Brooks Rand 
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Appendix IV, continued. 

Species Site Date Band Age Sex Blood hg Lab bl # Feath Hg Lab f Lab 

Swamp Sparrow Sudbury River - Heard Pd 7/22/03 1851-994-81 juvenile unknown 0.071 SHBBSW0003-0-030722 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/11/04 1881-801-18 Juvenile Unknown 0.206 S7-3-BBSW0001-040811 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/12/04 1881-801-20 Adult Unknown 0.212 S7-3-BBSW0003-040812 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/12/04 1881-801-19 Juvenile Unknown 0.329 S7-3-BBSW0002-040812 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/12/04 1881-801-21 Juvenile Unknown 0.703 S7-3-BBSW0004-040812 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/12/04 1881-801-22 Juvenile Unknown 0.448 S7-3-BBSW0005-040812 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/12/04 1881-801-23 Juvenile Unknown 0.215 S7-3-BBSW0006-040812 Brooks Rand 

Swamp Sparrow Sudbury River - Heard Pd 8/12/04 1881-801-24 Juvenile Unknown 0.337 S7-3-BBSW0007-040812 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/10/04 1881-801-10 Juvenile Unknown 0.456 S8-2-BBSW0001-040810 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/10/04 1881-801-11 Juvenile Unknown 0.493 S8-2-BBSW0002-040810 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/10/04 1881-801-12 Juvenile Unknown 0.684 S8-2-BBSW0003-040810 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/10/04 1881-801-13 Juvenile Unknown 0.326 S8-2-BBSW0004-040810 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/11/04 1881-801-14 Juvenile Unknown 0.262 S8-2-BBSW0005-040811 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/11/04 1881-801-15 Juvenile Unknown 0.957 S8-2-BBSW0006-040811 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/11/04 1881-801-16 Juvenile Unknown 0.230 S8-2-BBSW0007-040811 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/11/04 1881-801-17 Juvenile Unknown 0.220 S8-2-BBSW0008-040811 Brooks Rand 

Swamp Sparrow Sudbury River - Middle 8/4/05 1881-801-86 Adult Male 1.840 Texas A&M 

Swamp Sparrow Sudbury River-Macone's 08/12/03 1851-994-98 juvenile unknown 0.478 SABBSW0001-0-030812 Texas A&M 

Swamp Sparrow Sudbury River-Macone's 08/13/03 1851-994-99 juvenile unknown 0.410 SABBSW0002-0-030813 Texas A&M 

Swamp Sparrow Sudbury River-Macone's 08/13/03 1851-995-00 juvenile unknown 0.466 SABBSW0003-0-030813 Texas A&M 

Swamp Sparrow Sudbury River-Middle 07/31/03 1851-994-91 adult male 0.218 SMBBSW0001-0-030731 4.633 SMBFSW0001-0-030731 Brooks Rand 

Swamp Sparrow Sudbury River-Middle 07/31/03 1851-994-92 adult male 0.737 SMBBSW0002-0-030731 2.257 SMBFSW0002-0-030731 Brooks Rand 

Swamp Sparrow Sudbury River-Middle 07/31/03 1851-994-93 adult male 1.446 SMBBSW0003-0-030731 4.562 SMBFSW0003-0-030731 Brooks Rand 

Swamp Sparrow Sudbury River-Middle 07/31/03 1851-994-94 juvenile unknown 0.070 SMBBSW0004-0-030731 0.511 SMBFSW0004-0-030731 Brooks Rand 

Swamp Sparrow Sudbury River-Middle 08/07/03 1851-994-95 juvenile unknown 0.235 SMBBSW0005-0-030807 5.888 SMBFSW0005-0-030807 Brooks Rand 

Traill's Flycatcher Charles River 8/16/04 2210-530-77 Adult Female 0.059 Texas A&M 

Traill's Flycatcher Charles River 8/16/04 2210-530-78 Juvenile Unknown 0.173 Texas A&M 

Traill's Flycatcher Charles River 8/17/04 2210-530-90 Adult Female 0.212 Texas A&M 

Traill's Flycatcher Sudbury River - Middle 8/10/04 2210-530-52 Adult Female 0.260 Texas A&M 

Traill's Flycatcher Sudbury River - Middle 8/10/04 2210-530-58 Unknown Unknown 0.216 Texas A&M 

Traill's Flycatcher Sudbury River - Middle 8/10/04 2210-530-59 Unknown Unknown 0.549 Texas A&M 

Willow Flycatcher Charles River 7/29/03 2210-530-22 juvenile unknown 0.262 CRBBWF0001-0-030729 Texas A&M 

Willow Flycatcher Charles River 7/30/03 2210-530-29 juvenile unknown 0.315 CRBBWF0002-0-030730 Texas A&M 

Willow Flycatcher Charles River 7/30/03 2210-530-30 juvenile unknown 0.570 CRBBWF0003-0-030730 Texas A&M 

Willow Flycatcher Sudbury River - Heard Pd 7/22/03 2210-530-13 adult female 0.254 SHBBWF0001-0-030722 Texas A&M 

Willow Flycatcher Sudbury River-Macone's 08/12/03 2210-530-41 juvenile unknown 0.196 SABBWF0001-0-030812 Texas A&M 

Willow Flycatcher Sudbury River-Middle 08/06/03 2210-530-34 juvenile? unknown 0.799 SMBBWF0001-0-030806 Texas A&M 

Yellow Warbler Charles River 7/29/03 2210-530-18 adult female 0.017 CRBBYW0001-0-030729 8.869 CRBFYW0001-0-030729 Brooks Rand 

Yellow Warbler Charles River 7/29/03 2210-530-21 adult? female 0.006 CRBBYW0002-0-030729 1.187 CRBFYW0002-0-030729 Brooks Rand 

Yellow Warbler Charles River 7/29/03 2210-530-26 juvenile? unknown 0.048 CRBBYW0003-0-030729 2.113 CRBFYW0003-0-030729 Brooks Rand 

Yellow Warbler Charles River 7/30/03 2210-530-28 juvenile? female? 0.005 CRBBYW0004-0-030730 1.855 CRBFYW0004-0-030730 Brooks Rand 

Yellow Warbler Charles River 8/16/04 2210-530-82 Adult Female 0.101 Texas A&M 

Yellow Warbler Charles River 8/16/04 2210-530-85 Juvenile Unknown 0.028 Texas A&M 

Yellow Warbler Sudbury River - Heard Pd 7/22/03 2210-530-15 adult? female 0.068 SHBBYW0001-0-030722 1.559 SHBFYW0001-0-030722 Brooks Rand 

Yellow Warbler Sudbury River - Heard Pd 7/25/03 2210-530-16 juvenile unknown 0.038 SHBBYW0002-0-030725 Brooks Rand 

Yellow Warbler Sudbury River - Heard Pd 8/12/04 2210-530-69 Adult Female 0.020 Texas A&M 

Yellow Warbler Sudbury River - Middle 8/10/04 2210-530-57 Adult Female 0.083 Texas A&M 

Yellow Warbler Sudbury River - Middle 8/10/04 2210-530-62 Adult Female 0.067 Texas A&M 

Yellow Warbler Sudbury River - Middle 8/11/04 2210-530-63 Juvenile Unknown 0.083 Texas A&M 

Yellow Warbler Sudbury River - Middle 8/11/04 2210-530-64 Juvenile Unknown 0.067 Texas A&M 

Yellow Warbler Sudbury River-Macone's 08/13/03 2210-530-47 juvenile unknown 0.080 SABBYW0001-0-030813 Texas A&M 

Yellow Warbler Sudbury River-Middle 08/06/03 2210-530-35 adult male 0.063 SMBBYW0001-0-030806 11.676 SMBFYW0001-0-030806 Brooks Rand 

Yellow Warbler Sudbury River-Middle 08/06/03 2210-530-40 juvenile unknown 0.047 SMBBYW0002-0-030807 Brooks Rand 
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Appendix V.  Blood mercury concentrations (wet weight) in Red-winged Blackbirds sampled in 2006, Nyanza. 

Date Site Band # EPA sample # Age Sex blood Hg ug/g 

7/6/2006 Sudbury River-Heard Pd. 1891-880-05 S7-3-BBRB0009-0-060706 adult female 0.556 

7/6/2006 Sudbury River-Heard Pd. 1152-968-38 S7-3-BBRB0010-0-060706 adult male 0.094 

7/6/2006 Sudbury River-Heard Pd. 1152-968-39 S7-3-BBRB0011-0-060706 adult male 0.234 

7/6/2006 Sudbury River-Heard Pd. 1152-968-40 S7-3-BBRB0012-0-060706 adult male 0.356 

7/6/2006 Sudbury River-Heard Pd. 1152-968-41 S7-3-BBRB0013-0-060706 adult male 0.184 

7/6/2006 Sudbury River-Heard Pd. 1152-968-42 S7-3-BBRB0014-0-060706 adult male 0.365 

7/706 Sudbury River-Heard Pd. 1152-968-43 S7-3-BBRB0015-0-060707 adult male 0.329 

7/706 Sudbury River-Heard Pd. 1152-968-44 S7-3-BBRB0016-0-060707 adult male 0.193 

7/706 Sudbury River-Heard Pd. 1781-913-64 S7-3-BBRB0017-0-060707 adult female 0.295 

7/706 Sudbury River-Heard Pd. 1152-968-45 S7-3-BBRB0018-0-060707 adult male 0.898 

7/706 Sudbury River-Heard Pd. 1152-968-46 S7-3-BBRB0019-0-060707 adult male 0.116 

7/706 Sudbury River-Heard Pd. 1152-968-47 S7-3-BBRB0020-0-060707 adult male 0.413 

7/706 Sudbury River-Heard Pd. 1152-968-48 S7-3-BBRB0021-0-060707 adult male NA 

7/706 Sudbury River-Heard Pd. 1152-968-49 S7-3-BBRB0022-0-060707 adult male 0.472 

7/14/2006 Charles River 1152-968-50 CR-0-BBRB0001-0-060714 adult male 1.16 

7/14/2006 Charles River 1152-968-51 CR-0-BBRB0002-0-060714 adult male 0.329 

7/14/2006 Charles River 1152-968-52 CR-0-BBRB0003-0-060714 hatch year male 0.336 

7/14/2006 Charles River 1781-913-75 CR-0-BBRB0004-0-060714 adult female 1.57 

7/14/2006 Charles River 1781-913-76 CR-0-BBRB0005-0-060714 hatch year female 0.603 

7/14/2006 Charles River 1781-913-77 CR-0-BBRB0006-0-060714 hatch year female 0.336 

7/14/2006 Charles River 1781-913-78 CR-0-BBRB0007-0-060714 adult female 0.942 

7/14/2006 Charles River 1781-913-79 CR-0-BBRB0008-0-060714 adult female 1.13 
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Waterfowl Hg levels for the Nyanza Risk Assessment 

1.0 ABSTRACT 

Exposure of hooded merganser (Lophodytes cucullatus) and wood duck (Aix sponsa) to 

mercury (Hg) was assessed as part of a Baseline Ecological Risk Assessment (BERA) to 

determine if Hg present in the Sudbury River below the Nyanza Superfund Site, in Ashland, MA, 

could pose a potential risk to these receptor groups. Samples of eggs, blood, and feathers were 

collected from both species in several reaches on the Sudbury River and from several local 

reference locations.  All tissue samples were analyzed for total Hg.  Effect Critical Body 

Residues (CBRs) for Hg were derived from the literature to help interpret the tissue residue data.   

The effect CBRs for Hg in tissues from the hooded merganser (a piscivore) equaled 3.0 

µg/g in blood (wet weight, ww), 1.3 µg/g in eggs (ww), and 19.8 µg/g in feathers (fresh weight, 

fw). Total Hg levels in most of the hooded merganser tissues collected from the Sudbury River 

reaches exceeded those measured at the local reference locations.  However, except for five 

samples, all of the Hg levels in those tissue samples fell below their respective effect CBRs.  The 

blood sample from one hooded merganser on the Charles River (reference location) exceeded its 

effect CBR. Four hooded merganser eggs exceeded their effect CBR, including three of the 23 

eggs collected on the Sudbury River. 

The effect CBRs for the wood duck (an omnivore) equaled 2.5 µg/g in blood (ww), 0.80 

µg/g in eggs (ww), and 9.0 µg/g in feathers (fw).  The Hg concentrations in the three target 

tissues collected from this species on the Sudbury River where higher than those from the 

reference locations. However, all of the wood duck tissue residue concentrations fell well below 

their respective effect CBRs. 

2.0 INTRODUCTION 

A field study of Hg exposure to the hooded merganser (L. cucullatus) and the wood duck 

(A. sponsa) was undertaken in support of BERA investigations on the Sudbury River in 

Massachusetts. This river was contaminated with Hg released by the Nyanza Superfund Site in 

Ashland, MA. The U.S. Environmental Protection Agency (USEPA) has been performing a 

BERA to determine the potential risk to wildlife associated with residual Hg in the river.  This 

report describes field efforts to quantify Hg exposure to hooded mergansers and wood ducks 

foraging along the Sudbury River downstream from the Nyanza Site. 
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Hg is generally released into the environment in inorganic form.  This chemical is 

converted to methyl mercury (MeHg) through bacterial metabolism and other biological 

processes. MeHg is the most biologically active and toxic form of Hg. Most of the Hg in 

biological tissues is present as MeHg. 

All tissue samples collected for this study were analyzed for total Hg. Concentrations are 

generally discussed as “Hg” throughout this report. Unless specified otherwise, it can be 

assumed that most of this Hg is present as MeHg. 

2.1 Site Background 

The Nyanza Site is located in Ashland, MA, 35 km west of Boston. The Site, which 

covers about 35 acres, is situated in an industrial area 0.4 km south of the Sudbury River.  The 

Site is connected to the river via several surface water drainage pathways.  Several companies 

operated at this location between 1917 and 1978, producing textile dyes and dye intermediates. 

Large quantities of waste were disposed of on-site in pits, below-ground structures, and several 

lagoons. Process chemicals, including nitrobenzene, phenol, and mercuric sulfate, were also 

disposed of on-site or discharged to the Sudbury River.  It is estimated that between 45 to 57 

metric tons of Hg were discharged to the Sudbury River and its associated wetlands during this 

time.  The facility was closed in 1978. 

The Site was placed on the National Priorities List (NPL) in 1982.  The USEPA has 

remediated the site proper, and several adjacent waterways and wetlands since that time.  

Discharge of Hg to the Sudbury River has been eliminated to the extent practicable.  Substantial 

quantities of Hg are still present in sediment through the remainder of the Sudbury River 

downstream from the Site, which can serve as a secondary source of Hg to surface water and to 

wildlife. This residual contamination is referred to by USEPA as Operable Unit IV; Mercury 

Contamination within the Sudbury River. 

USEPA is completing a BERA to determine whether Hg in the Sudbury River has the 

potential to cause unacceptable risk to ecological receptors (primarily fish, birds, and mammals), 

and to determine if there is a need for further remediation to address such risk.  This study was 

conducted by the BioDiversity Research Institute (BRI) in support of the larger BERA effort, 

being conducted by Avatar Environmental. 
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2.2 Overall Study Design 

The USEPA BERA process calls for identifying populations, species, or group of species that 

may be adversely affected by a contaminant, in this case Hg.  These are generically referred to as 

“ecological receptors”.  The potential for risk to these receptors is typically measured using 

several lines of evidence to help reduce the overall uncertainty inherent in the study of wildlife 

populations. Data collected from the study site are usually compared with data from one or more 

local and ecologically similar “reference” locations.  This is particularly important for Hg studies 

in the Northeastern U.S. where wet and dry Hg deposition from the atmosphere has resulted in 

elevated Hg in the regional environment.  The CERCLA program must distinguish between 

point-source risk from a hazardous waste site and regional risk.  The study design for this field 

study was based on the following elements: 

x Compare Hg concentrations measured in waterfowl tissues (blood, feathers, and eggs) 

collected from the Sudbury River to concentrations associated with adverse effects. 

These concentrations are derived from the scientific literature and are known as effect 

CBRs. 

x Compare Hg concentrations in waterfowl tissues collected from the Sudbury River with 

the same tissues collected from local reference locations with similar habitats.   

x Compare Hg concentrations in waterfowl tissues collected from the Sudbury River with 

the same tissues collected in other parts of New England where atmospheric deposition 

(as opposed to a distinct point source like a toxic waste site) is the primary source of Hg 

in the environment.  

3.0 PURPOSE OF WATERFOWL TASK 

The hooded merganser and the wood duck were selected to measure Hg exposures to 

large piscivorous birds and omnivorous birds, respectively, foraging on the Sudbury River below 

the Nyanza Superfund Site. The objective was to collect samples of blood, feathers, and eggs of 

each species for use in Hg analysis. Tissue-specific effect CBRs for Hg were also derived to 

estimate the potential for risk associated with the field-measured exposures.  This profile will 

serve as the basis for the large piscivorous bird and omnivorous bird risk assessment task of the 

Nyanza Superfund BERA. 
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4.0 ECOLOGY OF THE HOODED MERGANSER AND WOOD DUCK 

The hooded merganser and wood duck were selected as the study species for the 

following reasons: 1) both species are cavity nesters which readily use artificial nest boxes, 2) 

both species typically lay 7-13 eggs, such that the removal of one egg for Hg analysis does not 

affect overall productivity, and 3) both species are the only cavity nesting ducks breeding within 

the study area. 

The hooded merganser is widely distributed throughout northern New England.  It has 

been commonly used as an indicator species of aquatic integrity (Haseltine et al. 1981, White 

and Cromartie 1977, Zicus et al.1988, and Derr 1995).  Mergansers are piscivorous, feeding 

primarily on small fish but also on aquatic invertebrates (Mallory and Metz 1999).  Their 

foraging habits make them highly susceptible to accumulate environmental toxins such as Hg. 

The wood duck is a frequent breeder throughout New England. It is an omnivore with a 

broad diet (Hepp and Bellrose 1995) consisting of aquatic and terrestrial insects, invertebrates, 

nuts, and grains (DeGraff and Yamasaki 2001).  Females exhibit a high degree of nest-site 

fidelity, many returning to the same cavity to breed from one year to the next (Hepp and 

Kennamer 1992).  Females consume large quantities of invertebrates rich in protein and calcium 

immediately before and during egg-laying.   

5.0 CRITICAL BODY RESIDUES IN WATERFOWL 

5.1 Hooded Merganser 

A diet consisting primarily of fish and crayfish increases the potential by hooded 

mergansers for exposure to persistent bioaccumulative toxins, such as Hg.  The USEPA, in its 

report to Congress (1997), stated that piscivorous birds were at an especially high risk to Hg 

contamination because of their high position in the aquatic food chain. 

In this report, the Hg effect CBRs for the hooded merganser were derived from field 

studies on the common loon (Gavia immer) for blood and eggs, and field and laboratory studies 

on the great egret (Ardea alba) for feathers. Blood Hg levels of 3.0-4.0 Pg/g (ww) in the 

common loon resulted in reproductive, behavioral, and physiological effects (Evers et al. 2004). 

Egg Hg levels of 1.3 Pg/g (ww) in loons resulted in smaller egg volume (Evers et al. 2003).  The 
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loon blood-egg relationship agrees with an independent analysis of a tree swallow (Tachycinata 

bicolor) blood egg relationship, were samples of blood and eggs were collected from known 

female swallows.  The following regression model was developed based on this relationship: 

[Hg]egg = 0.3144 * [Hg]blood (Figure 1; see also Appendix I). Such inter- and intra-taxon 

relationships provide confidence that the loon-based effect CBRs for Hg in blood and eggs are 

useful for mergansers, as well as the published literature using laboratory-dosed mallards (Heinz, 

1979; Heinz and Hoffman, 2003) for wood ducks.   

Changes in the size of breeding populations of wading birds between 1994 and 2001 

strongly correlated with changes in egret feather Hg levels (Heath and Frederick 2005). Mean 

Hg levels in egret feathers equaled 19.8 Pg/g (fw) (Frederick et al. 2004) during years 

characterized by declines in population levels. 

In summary, the effect CBRs for Hg in avian piscivores, as represented by the hooded 

merganser, equal 3.0 µg/g in blood, 1.3 µg/g in egg, and 19.8 µg/g in feathers. 

5.2 Wood Duck 

The effect CBRs for Hg in the wood duck were based on laboratory dosing studies using 

the mallard duck (Anas platyrhynchos) (Heinz 1979; Heinz and Hoffman 2003).  Adverse 

behavioral effects were noted in the mallards when Hg levels in their eggs reached 0.50 Pg/g 

(ww) and Hg levels in their flight feathers reached 9.0 Pg/g (fw) (Heinz, 1979). Although these 

Hg levels have been used universally as effect CBRs for mallards, Heinz and Hoffman (2003) 

updated their Hg dosing findings to 0.80 Pg/g (ww) in mallard eggs as a more accurate effects 

level. The effect CBR for wood duck blood was determined using the tree swallow blood-egg 

relationship analysis mentioned earlier.  The effect CBR for Hg in the blood of wood ducks 

equals 2.50 Pg/g (ww), based on the Mallard egg effect CBR of 0.80 Pg/g (ww) (Figure 1). In 

summary, the effect CBRs for Hg in omnivorous waterfowl, as represented by the wood duck, 

equal 0.8 µg/g in eggs, 2.50 µg/g in blood, and 9.0 µg/g (fw) in feathers.. 
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Figure 1. CBRs in blood and egg for Hooded Merganser and Wood Ducks. 
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used based on the Common Loon. 

2Wood Duck CBR of 0.80 µg/g (ww) in the egg is associated with 2.50 µg/g (ww) in blood. 

6.0 STUDY AREA AND METHODS 

6.1 Study Areas 

The Sudbury River is about 42 km long.  Several types of habitat occur along this length, 

including impoundments, urban flowing reaches, and reaches with extensive bordering wetlands.  

The study design focused on reach 3 (Reservoir 2), reach 4 (Reservoir 1), reach 7, reach 8 

(GMNWR), and reach 9 on the Sudbury River, and four local reference locations (see Table 1). 
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Table 1: Hooded merganser (HOME) and wood duck (WODU) sampling locations on the Sudbury River 

and reference locations 

Reach 

No. Description 1 Description 2 Comment 

Sampled 

for HOME 

& WODU? 

Tissues 

Collected? 

SITE-IMPACTED LOCATIONS 

1 Sudbury River - upstream from Site N N 

2 Sudbury River Mill Pond next to Site N N 

3 Sudbury River Reservoir 2 lobes 1, 2, and 3 Y N 

4 Sudbury River Reservoir 1 - Y N 

5 Sudbury River - free flowing N N 

6 Sudbury River Saxonville Res. - N N 

7 Sudbury River - free flowing; Heard Pond Y Y 

8 Sudbury River Great Meadows extensive wetlands Y Y 

9 Sudbury River Fairhaven Bay natural embayment Y Y 

10 Sudbury River - confluence Assabet River N N 

REFERENCE LOCATIONS 

- Delaney WMA - - Y Y 

- Sudbury Res. - - Y Y 

- Charles River - - Y Y 

- Whitehall Res. - - Y Y 

6.2 Capture techniques 

The study was conducted between April and August over three consecutive years (2003-

2005) (see Appendix II). Nest boxes were used to attract the target species and collect tissue 

samples (i.e. whole blood, feathers, abandoned and fresh eggs) from incubating hens for Hg 

analysis. All nest boxes were constructed with 2.5x30 cm rough-cut softwood lumber and were 

fastened together with galvanized screws. Nest box dimensions were 61x28x38 cm with a 12.7 

cm entrance hole, consistent with those used by Allen et al. (1990).  Duckling ladders 

constructed from a 12.7 cm wide strip of “¼ inch” hardware cloth were stapled to the inside front 

of each box, positioned from the base of the entrance hole to the bottom of the box.  Access 

doors were added by cutting a 15x30 cm section from one of the sides.  This section was re-

attached to the box with galvanized screws, allowing it to open smoothly from top to bottom.  A 

swiveling metal pin was used to securely lock the door.  A 6.35 mm hole was drilled in each 

corner at the bottom of the box to allow for drainage.  A 10 mm hole was pre-drilled at the top 
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and bottom of the back plate to accommodate galvanized bolts and lag screws used to attach the 

nest box to the desired pole or tree. 

In early spring of 2003, eighty nine nest boxes were placed on the Sudbury River reaches, 

and at two reference locations (Whitehall Reservoir and Sudbury Reservoir).  In 2004, an 

additional five nest boxes were placed at another reference location (Charles River) in an effort 

to increase the likelihood of sampling the target species (Appendices II - VIII). Existing 

Massachusetts Division of Fisheries and Wildlife nest boxes were also used at the Delaney 

WMA reference site in 2003. Nest boxes were attached to a 3-m sign posts (poles) or sturdy 

trees over-hanging or standing within several feet from the water’s edge and mounted about 1.5-

2.0 m off the ground or water.  All boxes were single unit with the entrance hole oriented to face 

open water. Boxes were mounted with “2 ½-inch” bolts (pole mounted) or “3-inch” galvanized 

screws (tree mounted). All boxes were georeferenced using hand-held Global Positioning 

System (GPS) units.  Nest boxes were checked every 2-3 days from around May 1 until the 

incubating hen was sampled and an egg collected.  All eggs in a clutch were measured and 

weighed and the largest egg was collected from each box for Hg analysis. Incubating hens were 

captured in the box to collect a blood and feather sample.  All birds were banded with a metal 

band issued by the U.S. Fish and Wildlife Service (USFWS).  

None of the nest boxes in reach 3 (Reservoir 2) or reach 4 (Reservoir 1) yielded tissues 

from either hooded mergansers or wood ducks.  The shoreline habitat was fairly developed with 

houses and was not optimal for cavity nesting waterfowl. 

6.3 Tissue collection and processing 

Blood was drawn from either the brachial vein, located on the underside of the wing or 

the caudal tibial vein, located over the tarsal joint on the inside of the leg.  Different methods 

were used in blood collection, depending on temperature, size, and age of the birds.  Blood was 

drawn mostly by hand using a 1-cc syringe with a 25-gauge needle or a 25-gauge butterfly 

needle drawn by a 3-cc glass Vacutainer£ vile. One to 3 cc’s of blood was collected, depending 

on the size of the bird. 

A wire cutter was used to clip the second secondary feather from each wing of an adult 

female duck, about 2 mm above the superior umbilicus.  The feathers were placed in a zip-lock 
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bag and refrigerated. All feathers were cleaned at the laboratory to remove external 

contaminants prior to storage and analysis. 

Each egg collected for Hg analysis was placed in its own zip-lock bag and frozen.  Basic 

measurements were obtained in the laboratory.  Length and width was measured to the nearest 

0.01mm using a caliper.  The volume was estimated by 

submerging the egg in a graduated cylinder and 

recording water displacement.  Each egg was then 

opened with a sterilized scalpel and the contents placed 

into a pre-cleaned glass I-Chem£ jar. The 

developmental stage was recorded and the contents 

weighed to the nearest 0.001g on an electronic balance. 

The egg contents were then re-frozen until lab analysis. 

   Figure 1. Female hooded merganser 

6.4 Sample analysis 

Brooks Rand Laboratories analyzed all of the waterfowl tissue samples collected for this 

study. Additional details are provided in the BERA.  All tissue residue data are reported as total 

Hg but represent mostly MeHg because this compound makes up >95% of the Hg present in 

blood, feather and egg (Evers et al. 2005). The blood and egg Hg concentrations are reported on 

a wet weight (ww) basis, whereas the feather Hg concentrations are reported on a fresh weight 

(fw) basis. 

6.5 Data preparation and statistical analysis 

All means are arithmetic unless otherwise specified.  The sample sizes were generally too 

small to perform statistical testing.  Appendix I provides the statistical analyses used to 

determine an effect CBR for blood and eggs in piscivorous and omnivorous birds.    
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7.0 RESULTS AND DISCUSSION 

7.1 Summary of sampling efforts

Nest Box Occupancy: The overall nest box occupancy rate was low (Table 2). Box use 

by cavity nesting ducks has been reported to be higher.  In a Maine study, box use averaged 61% 

over the 17-year period (Allen et al. 1990), while the average box use rate for Massachusetts is 

66 % (Heusmann 2000).  Nest box occupancy typically increases in the years following the 

initial box introduction. The nest boxes were installed too late in the spring of 2003 due to 

logistical problems, which might have contributed to the low occupancy rates.  The nest box 

occupancy rate improved by 2005 on the Sudbury River for the hooded merganser. 

Table 2. Summary of sampling efforts for waterfowl tissues at the study locations in MA. 

Blood Feather EggSampling 

Location Species 2003 2004 2005 2003 2004 2005 2003 2004 2005 

Sudbury River Combined Reaches, MA 

Sudbury River HOME - 1 8 

4 2 -

- 1 5 

WODU - 2 -

Local Reference Locations, MA 

- - 23

5 - -

Charles River HOME - - 2 - - 1 - - 2

 WODU - - - - - - - - -

HOME 2 - - 2 - - 10 - -

WODU 5 - - - - - 7 - -

HOME - - - - - 1 - - 2

 WODU 1 1 - - 1 - 1 - -

Whitehall Res. HOME 2 - - - - - 2 - -

WODU - - - - - - - - -

Totals 4 1 10 2 1 7 12 - 27 

Totals WODU 10 3 - - 3 13 - -

Delaney WMA 

Sudbury Reservoir 

HOME 

Nest Monitoring: Following the initial hen sampling and egg collection effort in 2003, 

all nests were revisited later that year to determine if the clutches had successfully hatched or 

been abandoned. All of the hens were still incubating and had not abandoned their clutches three 

weeks later. The nests were revisited two weeks after that to collect any unhatched eggs or 

eggshells. The nest boxes were checked on an irregular basis in 2004 and 2005 to sample 

incubating hens and collect eggs. 
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7.2 Summary of Hg exposure

Twenty eight female blood samples (15 hooded mergansers and 13 wood ducks), 52 eggs 

(39 hooded mergansers and 13 wood ducks), and 13 secondary flight feathers (10 hooded 

merganser and 3 wood duck) were collected and analyzed for this project (Table 2, Appendices 

VIII-XI). 

Blood 

The blood Hg levels in female wood ducks ranged from 0.021 to 0.421 Pg/g (ww) and 

from 0.012 to 0.082 µg/g (ww), in the Sudbury River and at the local reference locations, 

respectively (Table 3). Also, the mean Hg level for wood duck blood samples collected in 

Maine was similar to the mean value calculated for the wood duck blood samples collected from 

the Sudbury River (Table 3). 

Table 3. Range and mean (± SD) blood Hg levels in breeding female wood ducks at the study 

locations in MA, with comparison to ME data. 

Sampling Location Sample Range Mean [Hg]blood 

Size (µg/g, ww) 

Effect CBR for Hg in WODU blood 2.5 (µg/g, ww) 

Sudbury River Combined Reaches, MA 

Sudbury River 6 0.021 – 0.421 0.103 ± 0.1563 

Local Reference locations, MA 

Delaney WMA 5 0.012 – 0.081 0.0354 ± 0.0266 

Sudbury Reservoir 2 0.025 – 0.082 0.0535 ± 0.0401 

Combined reference sites 7 0.012 – 0.082 0.041 ± 0.027 

Locations outside of MA 

Maine
1 

2 0.065 – 0.138 0.101 ± 0.037 

From Evers et al. 2005 

The blood Hg levels in female hooded mergansers ranged from 0.021 to 1.88 Pg/g (ww) 

and from 0.071 to 0.4.273 µg/g (ww), in the Sudbury River and at the local reference locations, 

respectively (Table 4). Also, the mean Hg level for hooded merganser blood samples collected 
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in Maine was two times higher than the mean value calculated for the hooded merganser blood 

samples collected on the Sudbury River (Table 4). 

Table 4. Range and mean (± SD) blood Hg levels in breeding female hooded mergansers at the 

study locations in MA, with comparison to ME data. 

Sampling Location Sample Range Mean [Hg]blood 

Size (Pg/g, ww) 

Effect CBR for Hg in HOME blood 3.0 µg/g (ww) 

Sudbury River Combined Reaches, MA 

Sudbury River 9 0.021 – 1.88 0.517 ± 0.547 

Local Reference Locations, MA 

Charles River 2 0.614 – 4.273 2.44 ± 0.251 

Delaney WMA 2 0.071 – 0.426 0.249 ± 0.251 

Whitehall Reservoir 2 0.354 – 0.761 0.558 ± 0.288 

Combined reference locations 6 0.071 – 4.273 1.083 ± 1.443 

Locations Outside of MA 

Maine
1 

9 0.447 – 1.91 1.089 ± 0.516 

From Evers et al. 2005 

Only one hooded merganser blood Hg sample (4.273 Pg/g, ww) exceeded the effect CBR 

of 3.0 Pg/g (ww) in blood. This sample came from a bird captured on the Charles River, which 

is one of the local reference locations for this study.  The Hg levels in the blood from all of the 

female hooded mergansers sampled from the Sudbury River fell below the effect CBR (Table 4). 

All wood duck blood Hg levels from all sites were also below this species’ effect CBR of 2.5 

Pg/g (ww) (Table 3). 

Geometric mean wood duck blood and egg Hg levels from the Sudbury River reaches 

tended to be higher than at the Delaney Wildlife Management Area (WMA) and Sudbury 

Reservoir, but lower than the Charles River (all reference sites).  Geometric mean hooded 

merganser blood and egg Hg levels were invariably higher than the wood ducks’ at all locations 

(Figures 3 and 4). 

BioDiversity Research Institute 12 



Waterfowl Hg levels for the Nyanza Risk Assessment 

Figure 3. Geometric mean+/- SE in blood Hg levels for the wood duck and hooded merganser.
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Note: The blood Hg effect CBRs  for the wood duck and hooded merganser are depicted by the green line (2.5 µg/g, 

ww) and the red line (3.0 µg/g), respectively. 

Eggs 

Wood duck egg Hg levels at the Sudbury River locations ranged from 0.025 to 0.22 Pg/g 

(ww) (Table 5). The mean egg Hg level was higher in eggs collected from the Sudbury River 

compared to those from the Delaney WMA (Table 5). However, the Hg levels in all of the wood 

duck eggs collected on the Sudbury River and the local reference locations were below the effect 

CBR of 0.8 Pg/g (ww) for this species. Also, the mean Hg level for wood duck eggs collected in 

Maine exceeded the mean value calculated for the wood duck eggs collected from the Sudbury 

River. 
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Table 5. Range and mean (± SD) Hg levels in wood duck eggs collected from the study locations 

in MA, with comparison to ME data. 

Sampling Location Sample Range Mean [Hg]egg 

Size (Pg/g, ww) 

Effect CBR for Hg in WODU eggs 0.80 µg/g (ww) 

Sudbury River Combined Reaches, MA 

Sudbury River 5 0.025 – 0.221 0.069 ± 0.076 

Local Reference Locations, MA 

Delaney WMA 7 0.011 – 0.074 0.045 ± 0.021 

Sudbury Reservoir 1 0.053 0.053 

Locations outside of MA 

Maine
1 

9 0.028 – 0.165 0.096 ± 0.015 

The Hg levels in hooded merganser eggs collected from the Sudbury River ranged from 

0.257 Pg/g (ww) to 1.95 Pg/g (ww) (Table 6). The mean Hg level was the highest in the two 

eggs collected from the Charles River reference site.  The mean Hg level in the eggs from the 

other three local reference locations fell below that observed in the eggs collected from the 

Sudbury River (Table 6). Three of the 23 eggs from the Sudbury River exceeded the merganser 

egg effect CBR of 1.30 Pg/g (ww). One of the 16 eggs collected at the local reference locations 

also exceeded this value. Finally, the mean Hg level for hooded merganser eggs collected in 

Maine was similar to the mean value calculated for the hooded merganser eggs collected on the 

Sudbury River. 

Table 6. Range and mean (± SD) Hg levels in hooded mergansers eggs collected from the study 

locations in MA, with comparison to ME data. 

Sampling Location Sample Range Mean [Hg]egg 

Size (Pg/g, ww) 

Effect CBR for Hg in HOME Eggs 1.30 Pg/g (ww) 

Sudbury River Combined Reaches, MA 

Sudbury River, MA 23 0.257 – 1.95 0.708 ± 0.450 

Local Reference Locations, MA 

Charles River 2 0.735 – 2.43 1.58 ± 0.845 

Delaney WMA 10 0.147 – 0.726 0.296 ± 0.170 
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Whitehall Reservoir 2 0.325 – 0.326 0.326 ± 0.001 

Sudbury Reservoir 2 0.288 – 0.555 0.422 ± 0.133 

Locations Outside of MA 

1
Maine 44 0.245 – 1.90 0.750 ± 0.409 

Figure 4. Geometric mean +/- SE in egg Hg levels for the wood duck and hooded merganser.  
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ww) and the red line (1.30 µg/g), respectively. 

As expected, the blood and egg tissues indicated that the piscivorous hooded merganser 

experienced higher Hg exposure than the omnivorous wood duck.  This pattern agreed with 

findings from Evers et al. (2005) (Figure 5). 
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Figure 5. Geometric mean +/- SE in blood and egg Hg levels for four species of waterfowl in 

New England. 
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Adult female feathers from ten hooded merganser and three wood ducks were collected 

and analyzed for total Hg during the 2003-2005 sampling years (Tables 7 and 8). 

The three available wood duck feathers had Hg levels between 0.3 Pg/g (fw) and 0.5 Pg/g 

(fw) (Table 7). These levels were well below the wood duck feather effect CBR of 9.0 Pg/g 

(fw). 

Table 7. Range and mean (± SD) feather Hg levels in breeding female wood ducks from the 

study locations in MA 

Location Sample Size Range Mean Feather Hg 

(Pg/g, ww) 

Effect CBR for Hg in WODU Feathers 9.0 Pg/g (ww) 

Sudbury River Combined Reaches, MA 

Sudbury River 2 0.44 – 0.54 0.49 ± 0.05 

Local Reference Locations, MA 

Sudbury Reservoir 1 ~ 0.30 
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The Hg levels in feathers from the six hooded mergansers captured on the Sudbury River 

ranged from 0.9 Pg/g (ww) to 7.59 Pg/g (ww) (Table 8). The Hg levels in the feathers of he four 

hooded mergansers captured at the local reference locations were at least as high as those 

measured in the Sudbury River (Table 8; Appendix XI). None of these concentrations 

exceeded the hooded merganser feather effect CBR of 19.8 Pg/g (fw). 

Table 8. Range and mean (± SD) feather Hg concentrations in breeding female hooded 

mergansers from the study locations in MA 

Mean Feather Hg 

Location Sample Size Range (Pg/g, ww) 

Effect CBR for Hg in HOME Feathers 19.8 µg/g (ww) 

Sudbury River Combined Reaches, MA 

Sudbury River 6 0.90 – 7.59 5.3 ± 2.23 

Local Reference Locations, MA 

Charles River, MA 1 ~ 8.9 

Delaney WMA, MA 2 6.25– 17.5 11.8 ± 5.6 

Sudbury Reservoir, MA 1 ~ 6.4 

Adult female feather Hg levels were also significantly higher in Hooded Mergansers than 

Wood Ducks (p=0.02). 

8.0 CONCLUSIONS 

x	 None of the Hg concentrations measured in wood duck blood, eggs, or feathers exceeded 

their respective effect CBRs, either on the Sudbury River or at the local reference 

locations. 

x	 Three of the 23 eggs collected from hooded mergansers on the Sudbury River exceeded 

their effect CBR level of 1.3 Pg/g (ww). One of the 16 hooded merganser eggs collected 

from the local reference locations also exceeded the effect CBR; this concentration (2.43 

Pg/g, ww) was the highest Hg level measured in hooded merganser eggs in this study.  

The low number of effect CBR exceedances makes it a challenge to determine if the three 
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high-Hg eggs from the Sudbury River indicated a site-specific signal or more generalized 

background Hg levels. 

x	 Mean blood and egg Hg levels in hooded mergansers and wood ducks from the Sudbury 

River tended to be higher than at the local reference locations, with the exception of the 

Charles River. Mean feather Hg levels were lower on the Sudbury River than at the local 

reference locations. 

x	 Mean blood and egg Hg levels for the two focal species from the same site (Delaney 

WMA) indicated that the hooded merganser Hg burden was about six times higher than 

the wood duck Hg burden. This pattern was expected since hooded mergansers are 

piscivores, whereas wood ducks are omnivores. 

x  The available evidence indicated that the potential for ecological risk from Hg exposure 

to the wood duck and the hooded merganser foraging on the Sudbury River was most 

likely negligible. 
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Appendix I. Regression model analysis for Tree Swallow blood-egg relationship. 

(Mike Newman, Virginia Institute of Marine Sciences, College of William and Mary) 

The regression modeling conducted by BRI was reviewed in January 2006 at the 
request of the U.S. Fish and Wildlife Service.  The associated data were analyzed using 
SAS after some minor transformation and assumptions were made. First, a univariate 
statistic was applied instead of using the data for each egg directly because eggs taken 
from each nest varied in number and laying order. There was no reason to assume a 
normal distribution for these sparse clutch data so the geometric mean of clutch eggs 
was chosen as the statistic instead of the arithmetic mean. The error associated with 
blood Hg was judged to be quite small relative to that associated with the geometric 
mean of the egg Hg concentrations. This was based on subjective knowledge of the 
accuracy/precision of the Hg analyses, not a rigorous examination of the associated 
QC/QA data for the blood analyses.  Therefore, a conventional predictive regression 
method was applied to the BRI modeling. However, the geometric mean of egg Hg 
concentrations was used as the dependent variable instead of the arithmetic mean. 

Preliminary data plots suggested that a linear, unweighted regression model be applied 

to untransformed data: Geometric Mean [Hg]egg = 0.4554[Hg]blood - 0.047� where data 
were assumed to be sufficiently normally distributed and the independence of the value 
of [Hg]blood was allowed for useful prediction in the region of interest.  The assumptions 
associated with the error term were explored as detailed in the SAS output shown 
below. 

Because the focus of the modeling was prediction, prediction residual analyses were 
also done as well as plots of actual observations, predicted values, and Upper/Lower 
95% confidence intervals for the individual predictions. 

1. 	The use of a Type 1 (predictive) regression model is rejected because the strict 
requirement of a Type 1 model is that the independent variable be known without 
any error. In practice, Type 1 models are avoided if the independent variable has 
enough error to make its predictions suspect. My judgment is that the error in the 
blood Hg analyses is small relative to the egg geometric mean mercury 
concentration and a Type 1 model was applied to make predictions. 

2. 	The normality of residuals was assessed (see page 2 of the SAS output below) 
using PROC UNIVARIATE tests. None of the four conventional normality tests 
rejected the null hypothesis of a normal distribution.  The normal plot on page 4 
shows good agreement with a normal distribution with some deviations at the 
higher values. 

3. 	Heteroscadasticity was assessed by plotting the residuals against the 
independent variable (page 11 of output). The lowest blood mercury values had 
less variability than the other observations but the trend was not obvious enough 
to warrant data transformations or regression weighting. To further bolster 
acceptance of the assumption of homoscadasticity, I noted that the plots of 
prediction residuals (pages 7 or 10 of the output) did not suggest a problem with 
predictions in the region of interest.   

4. 	There was reason to assume that the eggs within a clutch are dependent so I 
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rejected this approach in the regression analyses.  The inferences or predictions 
are made about geometric means of egg mercury concentrations, not individual 
eggs so the point being made is not relevant to the analyses shown here. 

5. 	The residual plot for the original model did not clearly suggest the need for a log 
transformation. 

6. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg Hg is 
1.5 ug/g Blood Hg.

7. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg Hg is 
1.5 ug/g Blood Hg.

8. 	Regardless, the variability in the model could argue for a conservative stance, 
i.e., use the lower 95% fiducial limit instead of the mean predicted value.  Also, a 
conservative stance appears prudent because predictions are made for clutch 
geometric means, not individual eggs. 

BioDiversity Research Institute A.I-2 



_________________________________________________________________________________________ 

_____________________________________________________________________________________ 

Waterfowl Hg levels for the Nyanza Risk Assessment 

SAS Output – July 3, 2006 
Regression Analysis of Tree Swallow Blood Hg/Geometric Mean Egg HG Data 

The SAS System    14:25 Monday, July 3, 2006  1

   The REG Procedure 
 Model: MODEL1 

 Dependent Variable: EGGHG
  Analysis of Variance 

  Sum of   Mean 
  Source DF  Squares Square F Value    Pr > F 

  Model  1

  Error  97

  Corrected Total 98


 0.31632  0.31632  104.99    <.0001 
 0.29225  0.00301 
 0.60857 

Root MSE  0.05489 R-Square  0.5198 
Dependent Mean  0.13973 Adj R-Sq  0.5148 
Coeff Var 39.28371 

  Parameter Estimates 
 Parameter     Standard 

  Variable    DF Estimate    Error    t Value   Pr > |t| 
  Intercept 1  0.04264  0.01096   3.89 0.0002 
  BLOODHG 1  0.23673  0.02310  10.25 <.0001 

 The SAS System  14:25 Monday, July 3, 2006 2 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Moments 
N 99  Sum Weights  99 
Mean  0  Sum Observations  0 
Std Deviation   0.05460929  Variance   0.00298217 
Skewness  0.11241816  Kurtosis   0.87935874 
Uncorrected SS  0.29225307  Corrected SS   0.29225307 
Coeff Variation  .  Std Error Mean   0.00548844 

 Basic Statistical Measures 
 Location  Variability 

  Mean 0.00000  Std Deviation   0.05461 
  Median   -0.00525  Variance  0.00298 
  Mode  . Range  0.30237 

Interquartile Range   0.06927 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  0   Pr > |t|    1.0000 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -30    Pr >= |S|   0.9172

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.981098  Pr < W   0.1665 
Kolmogorov-Smirnov   D  0.064282  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.054131  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.475942  Pr > A-Sq   0.2394 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.14864095
 99%    0.14864095
 95%    0.07753801
 90%    0.06763168
 75% Q3   0.03674980
 50% Median  -0.00524604
 25% Q1  -0.03251554 

 The SAS System  14:25 Monday, July 3, 2006 3 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Quantiles (Definition 5) 
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 Quantile Estimate
 10%   -0.06276059
 5%  -0.08947494
 1%  -0.15372734
 0% Min   -0.15372734

  Extreme Observations 
 -------Lowest------  ------Highest----- 

  Value  Obs   Value   Obs 
 -0.1537273   89  0.077538   95 
 -0.1436161   71  0.124758   43 
 -0.1080088   65  0.137627   13 
 -0.1078949   11  0.141023   94 
 -0.0894749   79  0.148641   90 

Stem Leaf #  Boxplot 
  14 19  2  0
  12 58  2  |
 10  |
 8  |

   6 04892458   8  |
   4 22247777823  11  |
   2 23459245679  11  +-----+ 
   0 0356677233559 13  | +  | 
  -0 877544887665532  15  *-----* 
  -2 9863209888765211 16  +-----+ 
  -4 86977765531  11  |
  -6 43953  5  |
  -8 9 1  |
 -10 88  2  |
 -12 
 -14 44  2  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 4 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Normal Probability Plot 
0.15+ * * 

| **  ++++ 
|  +++ 

0.09+ ++++ 
|    +****** 
|  ***** 

0.03+  ****
 | +**** 
|  ***** 

  -0.03+  ****** 
| ***** 
| ****++ 

  -0.09+ +*++ 

| ++** 


  |++++ 

  -0.15+* * 

   +----+----+----+----+----+----+----+----+----+----+ 
-2 -1 0 +1  +2 

 The SAS System  14:25 Monday, July 3, 2006 5 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Moments 
N 99  Sum Weights  99 
Mean   -0.0001244  Sum Observations    -0.0123165 
Std Deviation   0.05663067  Variance   0.00320703 
Skewness  0.08791625  Kurtosis   1.14463193 
Uncorrected SS  0.31429076  Corrected SS   0.31428923 
Coeff Variation  -45519.704  Std Error Mean 0.0056916 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -0.00012  Std Deviation   0.05663 
  Median   -0.00531  Variance  0.00321 
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  Mode  . 	 Range  0.33031 
Interquartile Range   0.07000 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -0.02186    Pr > |t|    0.9826 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -34    Pr >= |S|   0.9062

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.979086  Pr < W   0.1165 
Kolmogorov-Smirnov   D  0.069727  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.062547  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.534278  Pr > A-Sq   0.1748 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.16656644
 99%    0.16656644
 95%    0.07945935
 90%    0.06870225
 75% Q3   0.03714341
 50% Median  -0.00530742
 25% Q1  -0.03285370 

 The SAS System  14:25 Monday, July 3, 2006 6 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Quantiles (Definition 5)
 Quantile Estimate
 10%   -0.06342112
 5%  -0.09048422
 1%  -0.16373872
 0% Min   -0.16373872

  Extreme Observations 

 -------Lowest------  
  Value  Obs  

 -0.1637387   71
 -0.1572261   89
 -0.1113461   65
 -0.1095890   11
 -0.0904842   79

------Highest------ 
  Value   Obs 

 0.0794593    95
 0.1264071    43
 0.1393174    13
 0.1430300    94
 0.1665664    90 

Stem Leaf 	 #  Boxplot 
  16 7 	 1  0
  14 3 	 1  0
  12 69	  2  |
 10	  |
 8	  |

   6 15903569   	 8  |
   4 033357888035  12	  |
   2 2355025667 10  +-----+ 
   0 0356688233559 13  | | 
  -0 888554887765532  15  *--+--* 
  -2 973210998875311  15  +-----+ 
  -4 970888755330  12	  |
  -6 5463 	 4  |
  -8 01  2  |
 -10 10  2  |
 -12 
 -14 7 	 1  0
 -16 4 	 1  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 
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The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Normal Probability Plot 
0.17+ * 

| 	 * + 
| 	 **  +++ 
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| ++++ 
| +++ 
|    +****** 
|  ***** 
|  ****
 |  **** 
|  ***** 
|  ****** 
| ***** 
|  ***++ 
|  **+ 
| ++** 

  | +++ 
|+ * 

  -0.17+* 
   +----+----+----+----+----+----+----+----+----+----+ 

-2 -1 0 +1  +2 
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Obs   BLOODHG   PEGGHG    LOWER
 1    0.463   0.15225   0.04273  
2    0.796   0.23108   0.12017  
3    0.707   0.21001   0.09968  
4    0.292   0.11177   0.00214  
5    0.368   0.12976   0.02025  
6    0.483   0.15698   0.04744  
7    0.383   0.13331   0.02381  
8    0.390   0.13497   0.02547  
9    0.439   0.14657   0.03707  
10    0.459   0.15130   0.04179  

11    0.584   0.18089   0.07111  

12    0.380   0.13260   0.02310  

13    0.303   0.11437   0.00477  

14    0.341   0.12337   0.01383  

15    0.410   0.13970   0.03021  

16    0.386   0.13402   0.02453  

17    0.191   0.08786  -0.02209  

18    0.106   0.06774  -0.04264  

19    0.727   0.21475   0.10430  

20    0.171   0.08312  -0.02691  

21    0.111   0.06892  -0.04143  

22    0.134   0.07437  -0.03585  

23    0.119   0.07081  -0.03949  

24    0.071   0.05945  -0.05114  

25    0.168   0.08241  -0.02764  

26    0.105   0.06750  -0.04288  

27    0.244   0.10041  -0.00935  

28    0.510   0.16338   0.05379  

29    0.385   0.13379   0.02429  

30    0.244   0.10041  -0.00935  

31    0.338   0.12266   0.01312  

32    0.501   0.16125   0.05168  

33    0.244   0.10041  -0.00935  

34    0.296   0.11272   0.00310  

35    0.556   0.17427   0.06457  

36    0.684   0.20457   0.09436  

37    0.598   0.18421   0.07438  

38    0.470   0.15391   0.04438  

39    0.195   0.08881  -0.02113  

40    0.335   0.12195   0.01240  

41    0.336   0.12219   0.01264  

42    0.291   0.11153   0.00191  

43    0.539   0.17024   0.06059  

44    0.374   0.13118   0.02168  

45    0.583   0.18066   0.07088  

46    0.147   0.07744  -0.03271  

47    0.217   0.09401  -0.01583  

48    0.229   0.09685  -0.01295  

49    0.233   0.09780  -0.01199  

50    0.281   0.10916  -0.00049  

51    0.284   0.10988   0.00023  


 UPPER  EGGHG   PREDRES   REGRES 
0.26177  0.189   0.03714   0.03675 
0.34199  0.279   0.04973   0.04792 
0.32035  0.257   0.04823   0.04699 
0.22139  0.172   0.06100   0.06023 
0.23927  0.067  -0.06342  -0.06276 
0.26653  0.110  -0.04751  -0.04698 
0.24281  0.119  -0.01446  -0.01431 
0.24446  0.150   0.01519   0.01503 
0.25607  0.189   0.04287   0.04243 
0.26082  0.086  -0.06600  -0.06530 
0.29068  0.073  -0.10959  -0.10789 
0.24210  0.180   0.04789   0.04740 
0.22397  0.252   0.13932   0.13763 
0.23291  0.136   0.01277   0.01263 
0.24919  0.212   0.07303   0.07230 
0.24352  0.140   0.00604   0.00598 
0.19781  0.049  -0.03960  -0.03886 
0.17811  0.060  -0.00795  -0.00774 
0.32520  0.194  -0.02134  -0.02075 
0.19316  0.157   0.07540   0.07388 
0.17927  0.067  -0.00197  -0.00192 
0.18459  0.068  -0.00652  -0.00637 
0.18112  0.033  -0.03879  -0.03781 
0.17004  0.037  -0.02316  -0.02245 
0.19247  0.054  -0.02901  -0.02841 
0.17788  0.099   0.03236   0.03150 
0.21016  0.072  -0.02884  -0.02841 
0.27296  0.117  -0.04693  -0.04638 
0.24328  0.146   0.01234   0.01221 
0.21016  0.086  -0.01462  -0.01441 
0.23220  0.147   0.02461   0.02434 
0.27082  0.156  -0.00531  -0.00525 
0.21016  0.123   0.02294   0.02259 
0.22233  0.113   0.00029   0.00028 
0.28396  0.144  -0.03069  -0.03027 
0.31478  0.212   0.00761   0.00743 
0.29404  0.231   0.04757   0.04679 
0.26343  0.198   0.04457   0.04409 
0.19874  0.131   0.04298   0.04219 
0.23149  0.094  -0.02826  -0.02795 
0.23173  0.127   0.00487   0.00481 
0.22116  0.119   0.00756   0.00747 
0.27989  0.295   0.12641   0.12476 
0.24068  0.095  -0.03656  -0.03618 
0.29044  0.245   0.06535   0.06434 
0.18760  0.048  -0.03012  -0.02944 
0.20386  0.097   0.00304   0.00299 
0.20666  0.048  -0.04964  -0.04885 
0.20759  0.113   0.01544   0.01520 
0.21882  0.115   0.00591   0.00584 
0.21952  0.067  -0.04344  -0.04288 

 The SAS System  14:25 Monday, July 3, 2006 9 

Obs   BLOODHG   PEGGHG    LOWER
 52    0.296   0.11272   0.00310  
53    0.303   0.11437   0.00477  
54    0.320   0.11840   0.00883  

 UPPER  EGGHG   PREDRES   REGRES 
0.22233  0.068  -0.04528  -0.04472 
0.22397  0.097  -0.01759  -0.01737 
0.22797  0.165   0.04715   0.04660 
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55    0.328   0.12029   0.01074  0.22985  0.073  -0.04783  -0.04729 
56    0.334   0.12171   0.01217  0.23126  0.104  -0.01791  -0.01771 
57    0.346   0.12455   0.01502  0.23408  0.080  -0.04504  -0.04455 
58    0.698   0.20788   0.09760  0.31817  0.242   0.03498   0.03412 
59    0.346   0.12455   0.01502  0.23408  0.122  -0.00258  -0.00255 
60    0.305   0.11485   0.00525  0.22444  0.134   0.01939   0.01915 
61    0.443   0.14752   0.03801  0.25702  0.115  -0.03285  -0.03252 
62    0.411   0.13994   0.03045  0.24943  0.082  -0.05853  -0.05794 
63    0.542   0.17095   0.06129  0.28061  0.124  -0.04758  -0.04695 
64    0.514   0.16432   0.05473  0.27392  0.159  -0.00539  -0.00532 
65    0.745   0.21901   0.10845  0.32957  0.111  -0.11135  -0.10801 
66    0.446   0.14823   0.03872  0.25773  0.092  -0.05681  -0.05623 
67    0.312   0.11650   0.00692  0.22609  0.156   0.03997   0.03950 
68    0.325   0.11958   0.01002  0.22914  0.088  -0.03194  -0.03158 
69    0.413   0.14041   0.03092  0.24990  0.132  -0.00850  -0.00841 
70    0.423   0.14278   0.03329  0.25227  0.128  -0.01493  -0.01478 
71    1.208   0.32862   0.21317  0.44406  0.185  -0.16374  -0.14362 
72    0.851   0.24410   0.13276  0.35544  0.203  -0.04302  -0.04110 
73    0.586   0.18137   0.07158  0.29116  0.249   0.06870   0.06763 
74    0.555   0.17403   0.06434  0.28372  0.210   0.03647   0.03597 
75    0.181   0.08549  -0.02450  0.19548  0.068  -0.01784  -0.01749 
76    0.267   0.10585  -0.00384  0.21554  0.081  -0.02520  -0.02485 
77    0.470   0.15391   0.04438  0.26343  0.081  -0.07370  -0.07291 
78    0.234   0.09804  -0.01175  0.20783  0.140   0.04263   0.04196 
79    0.333   0.12147   0.01193  0.23102  0.032  -0.09048  -0.08947 
80    0.180   0.08525  -0.02474  0.19525  0.059  -0.02678  -0.02625 
81    0.063   0.05756  -0.05308  0.16820  0.052  -0.00574  -0.00556 
82    0.159   0.08028  -0.02981  0.19038  0.102   0.02219   0.02172 
83    0.062   0.05732  -0.05333  0.16797  0.092   0.03581   0.03468 
84    0.178   0.08478  -0.02523  0.19479  0.064  -0.02120  -0.02078 
85    0.134   0.07437  -0.03585  0.18459  0.047  -0.02803  -0.02737 
86    0.167   0.08218  -0.02788  0.19223  0.151   0.07027   0.06882 
87    0.667   0.20054   0.09042  0.31067  0.230   0.03011   0.02946 
88    0.131   0.07365  -0.03658  0.18389  0.067  -0.00682  -0.00665 
89    0.672   0.20173   0.09158  0.31187  0.048  -0.15723  -0.15373 
90    1.152   0.31536   0.20071  0.43001  0.464   0.16657   0.14864 
91    0.635   0.19297   0.08299  0.30294  0.245   0.05304   0.05203 
92    0.581   0.18018   0.07041  0.28996  0.255   0.07598   0.07482 
93    0.822   0.23724   0.12613  0.34834  0.250   0.01330   0.01276 
94    0.559   0.17498   0.06527  0.28468  0.316   0.14303   0.14102 
95    0.692   0.20646   0.09621  0.31671  0.284   0.07946   0.07754 
96    1.310   0.35276   0.23575  0.46977  0.284  -0.08124  -0.06876 
97    0.769   0.22469   0.11397  0.33541  0.278   0.05512   0.05331 
98    0.345   0.12432   0.01478  0.23385  0.050  -0.07513  -0.07432 
99    0.586   0.18137   0.07158  0.29116  0.206   0.02502   0.02463 
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 The SAS System  14:25 Monday, July 3, 2006  10

  Plot of EGGHG*BLOODHG.   Symbol used is '*'. 
  Plot of PEGGHG*BLOODHG.  Symbol used is 'P'. 
  Plot of LOWER*BLOODHG.   Symbol used is 'L'. 
  Plot of UPPER*BLOODHG.   Symbol used is 'U'. 

EGGHG ‚ 
‚ 

  0.5 ˆ 
‚ 

‚  * U 

‚  U 

‚  U 

‚ 


  0.4 ˆ 
‚ 

‚ 

‚   UU U   P 

‚  UUU  P 

‚ * UUU  P 


  0.3 ˆ  *   U U

 ‚  UUUU * * * * 

‚  UUUU 

‚  *  U UUU   * *  * * P 

‚ UUUU  *  *   PP L 

‚ UUUU * *   *P PPP  L 


  0.2 ˆ UUUUU  * *  P PPP * * L 

‚    UUUUU  *  * *  PP  * 

‚  U    **    P*PPP 

‚ * **  * PPPPP*  * 

‚   * *   * * P* * L L 

‚  ** **PP* * * * * *   *L L 


  0.1 ˆ  * * * *PPP * * *  *   LL L 

‚   PPPP ** ** * *  L L 

‚  P *** * * ** * *   LLL*L 

‚  *  **** *  *  LLLL  * 

‚  * * *  L LLL 

‚ LLLLL 


  0.0 ˆ  LLLL 

‚  LLLLL 

‚ LLLLL 

‚  L L 

‚ 

‚ 


 -0.1 ˆ 
‚ 

  Šƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒ
 0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4 

BLOODHG 

NOTE: 184 obs hidden. 
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  Plot of REGRES*BLOODHG.  Symbol used is '*'. 

‚ 


   0.15 ˆ * 

‚ * * 

‚ 

‚ * 

‚ 

‚ 


   0.10 ˆ 
‚ 

‚ 

‚ * *  * * 

‚ * * 

‚ * 


   0.05 ˆ * * * *   *  * * 

‚ * *   * * * 

‚   * *  * *   * * 

‚ * * *  * 

‚ * * *  *  *


R ‚ *  *  *  * 
e 0.00 ˆƒƒƒƒƒƒƒƒ*ƒƒƒƒƒ*ƒƒƒƒ*ƒƒ*ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
s ‚   * * *  * ** 
i ‚ *  * * *  * *  * 
d ‚ *   * **  ** * 
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u ‚ *   * * * * 
a ‚ * *    ** * * 
l -0.05 ˆ * *    * * * 

‚  * * 
‚ * * * 
‚ * * 
‚ 
‚ * 


  -0.10 ˆ 

‚ * * 
‚ 
‚ 
‚ 
‚ * 


  -0.15 ˆ * 

‚ 

‚ 

‚ 

‚ 

‚ 


  -0.20 ˆ 

‚ 
 Šƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒˆƒ
  0.0   0.2   0.4   0.6   0.8   1.0   1.2

 BLOODHG    NOTE: 5 obs hidden. 
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The UNIVARIATE Procedure
   Variable:  PREDDEV 

 Moments 
N 99  Sum Weights  99 
Mean   -19.223262  Sum Observations  -1903.103 
Std Deviation   60.4238838  Variance   3651.04573 
Skewness  -2.4669797  Kurtosis   9.12709701 
Uncorrected SS 394386.33  Corrected SS   357802.482 
Coeff Variation -314.3269  Std Error Mean   6.07282882 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -19.2233  Std Deviation  60.42388 
  Median -3.3889  Variance  3651 
  Mode  . Range   382.83913 

Interquartile Range  59.94319 

 Tests for Location: Mu0=0 

Test    -Statistic-    -----p Value------
Student's t t  -3.16545    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -629    Pr >= |S|   0.0274 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  55.28469 
99% 55.28469 
95% 42.84985 
90% 32.80966 
75% Q3 19.82892 
50% Median -3.38887 
25% Q1    -40.11427 
10%    -88.50741 
5%   -117.54023 
1%   -327.55444 
0% Min   -327.55444 

 The SAS System 14:25 Monday, July 3, 2006  13 

The UNIVARIATE Procedure
   Variable:  PREDDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -327.554   89  42.8498 43 
   -282.763   79  45.2627 94 
   -150.262   98  46.5352 86 
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   -150.122   11  48.0262 20 
   -117.540   23  55.2847 13 
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The UNIVARIATE Procedure
   Variable:  REGRDEV 

 Moments 
N 99  Sum Weights  99 
Mean  -18.81333  Sum Observations    -1862.5197 
Std Deviation   59.2653479  Variance   3512.38147 
Skewness -2.478374  Kurtosis   9.18110185 
Uncorrected SS  379253.582  Corrected SS   344213.384 
Coeff Variation  -315.01785  Std Error Mean   5.95639158 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -18.8133  Std Deviation  59.26535 
  Median -3.3482  Variance  3512 
  Mode  . Range   374.87919 

Interquartile Range  59.08249 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -3.15851    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -624    Pr >= |S|   0.0287 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  54.61391 
99% 54.61391 
95% 42.29089 
90% 32.03469 
75% Q3 19.44434 
50% Median -3.34815 
25% Q1    -39.63815 
10%    -79.30386 
5%   -114.58828 
1%   -320.26529 
0% Min   -320.26529 

 The SAS System  14:25 Monday, July 3, 2006 15 

The UNIVARIATE Procedure
   Variable:  REGRDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -320.265   89  42.2909 43 
   -279.609   79  44.6277 94 
   -148.631   98  45.5779 86 
   -147.801   11  47.0546 20 
   -114.588   23  54.6139 13 

SAS CODE Including Data Used to Generate the Above Output 
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Appendix II. Overall study area map for waterfowl sampling.  
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Appendix III. Location of duck box placement for Reservoir 1 and Reservoir 2. 
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Appendix IV. Location of duck box placement and sampling effort on the Sudbury River. 
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Appendix V. Location of duck box placement and sampling effort on the Sudbury Reservoir.  
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Appendix VI. Location of duck box placement and sampling effort on Delaney WMA. 
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Appendix VII. Location of duck box placement and sampling effort on Whitehall Reservoir.  
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Appendix VIII. Location of duck box placement and sampling effort on the Charles River. 
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Appendix VIV. Individual summary of georeferenced egg Hg levels for waterfowl. 

Sample ID Location Species Hg ww Year Latitude Longitude 

DE-0-BEHM0001-0-030430 Delaney HOME 0.288 2003 42.456 -71.5441 

DE-0-BEHM0002-0-030430 Delaney HOME 0.393 2003 42.4618 -71.542 

DE-0-BEHM0003-0-030430 Delaney HOME 0.176 2003 42.464166 -71.5437 

DE-0-BEHM0004-0-030509 Delaney HOME 0.726 2003 42.45947 -71.54388 

DE-0-BEHM0005-0-030509 Delaney HOME 0.220 2003 42.464166 -71.5437 

DE-0-BEHM0006-0-030430 Delaney HOME 0.290 2003 42.4633 -71.5437 

DE-0-BEHM0007-0-030509 Delaney HOME 0.147 2003 42.45415 -71.54452 

DE-0-BEHM0008-0-030509 Delaney HOME 0.148 2003 42.45425 -71.544433 

DE-0-BEHM0009-0-030430 Delaney HOME 0.412 2003 42.4642 -71.5465 

DE-0-BEHM0010-0-030430 Delaney HOME 0.160 2003 42.463716 -71.54625 

WR-0-BEHM0001-0-030506 Whitehall HOME 0.326 2003 42.22972 -71.57986 

WR-0-BEHM0001-0-030506 Whitehall HOME 0.325 2003 42.22972 -71.57986 

CR-0-BEHM1012-0-050420 Charles River HOME 0.735 2005  42.1781 -71.32045 

CR-0-BEHM1013-0-050420 Charles River HOME 2.425 2005  42.1781  -71.32045 

SR-0-BEHM1027-0-050503 Sudbury Reservoir HOME 0.555 2005 42.33148 -71.52031 

SR-0-BEHM1028-0-050503 Sudbury Reservoir HOME 0.288 2005 42.33148 -71.52031 

S8-1-BEHM1016-0-050418 Sudbury River HOME 0.257 2005 42.3689 -71.3824 

S8-2-BEHM1005-0-050411 Sudbury River HOME 0.293 2005 42.38906 -71.37141 

S8-2-BEHM1004-0-050411 Sudbury River HOME 0.300 2005 42.38977 -71.3651 

S8-3-BEHM1031-0-050505 Sudbury River HOME 0.332 2005 42.41999 -71.35801 

S8-3-BEHM1020-0-050425 Sudbury River HOME 0.351 2005 42.41289 -71.36554 

S8-1-BEHM1015-0-050418 Sudbury River HOME 0.385 2005 42.3689 -71.3824 

S8-3-BEHM1032-0-050505 Sudbury River HOME 0.392 2005 42.41999 -71.35801 

S8-2-BEHM1006-0-050411 Sudbury River HOME 0.405 2005 42.38906 -71.37141 

S8-2-BEHM1008-0-050418 Sudbury River HOME 0.464 2005 42.38906 -71.37141 

S4-0-BEHM1022-0-050426 Sudbury River HOME 0.498 2005 42.28558 -71.44901 

S8-2-BEHM1011-0-050418 Sudbury River HOME 0.577 2005 42.39006 -71.36885 

S8-2-BEHM1030-0-050429 Sudbury River HOME 0.578 2005 42.39875 -71.3695 

S8-3-BEHM1018-0-050425 Sudbury River HOME 0.614 2005 42.41098 -71.36704 

S8-2-BEHM1003-0-050411 Sudbury River HOME 0.674 2005 42.38977 -71.3651 

S8-2-BEHM1010-0-050418 Sudbury River HOME 0.674 2005 42.39006 -71.36885 

S8-3-BEHM1017-0-050425 Sudbury River HOME 0.795 2005 42.40852 -71.3732 

S8-2-BEHM1002-0-050411 Sudbury River HOME 0.811 2005 42.39875 -71.3695 

S4-0-BEHM1021-0-050426 Sudbury River HOME 0.816 2005 42.28558 -71.44901 

S8-2-BEHM1029-0-050429 Sudbury River HOME 0.946 2005 42.39875 -71.3695 

S8-2-BEHM1009-0-050418 Sudbury River HOME 0.989 2005 42.38906 -71.37141 

S8-3-BEHM1019-0-050425 Sudbury River HOME 1.349 2005 42.41098 -71.36704 

S8-2-BEHM1001-0-050411 Sudbury River HOME 1.835 2005 42.39728 -71.36748 

S8-2-BEHM1007-0-050418 Sudbury River HOME 1.952 2005 42.39728 -71.36748 

DE-0-BEWD0005-0-030509 Delaney WODU 0.011 2003 42.4615 -71.54208 

DE-0-BEWD0007-0-030509 Delaney WODU 0.019 2003 42.46223 -71.54215 

DE-0-BEWD0002-0-030509 Delaney WODU 0.049 2003 42.464166 -71.5437 

DE-0-BEWD0004-0-030509 Delaney WODU 0.050 2003 42.4618 -71.542 

DE-0-BEWD0006-0-030509 Delaney WODU 0.051 2003 42.45425 -71.544433 
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DE-0-BEWD0001-0-030509 Delaney WODU 0.062 2003 42.45425 -71.544433 

DE-0-BEWD0003-0-030509 Delaney WODU 0.074 2003 42.464166 -71.5437 

SR-0-BEWD0001-0-030507 Sudbury Reservoir WODU 0.053 2003 42.33782 -71.51828 

S8-3-BEWD0001-0-030505 Sudbury River WODU 0.025 2003 42.41098 -71.36704 

S8-3-BEWD0003-0-030505 Sudbury River WODU 0.027 2003 42.39728 -71.36748 

S8-2-BEWD0002-0-030505 Sudbury River WODU 0.036 2003 42.39517 -71.362 

S8-2-BEWD0002-0-030505 Sudbury River WODU 0.038 2003 42.39517 -71.362 

S8-3-BEWD0004-0-030611 Sudbury River WODU 0.221 2003 42.39875 -71.3695 
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Appendix X. Individual summary of georeferenced blood Hg levels for waterfowl. 


Sample ID Location Species Band # Bird Age Bird Sex Hg ww Latitude Longitude 

Charles River HOME adult female 0.614 2005 42.1781 -71.32045 

Charles River HOME adult female 4.273 2005 42.1781 

HOME adult female 0.071 2003 42.45415 -71.54452 

HOME adult female 0.426 2003 42.45947 -71.54388 

Whitehall HOME adult female 0.354 2003 42.22972 -71.57986 

Whitehall HOME adult female 0.761 2003 42.22972 -71.57986 

HOME adult female 0.021 2004 42.42054 -71.36002 

HOME adult female 0.167 2005 42.38977 -71.3651 

HOME adult female 0.246 2005 42.3689 -71.3824 

HOME adult female 0.289 2005 42.41999 -71.35801 

HOME adult female 0.389 2005 42.41999 -71.35801 

HOME adult female 0.447 2005 42.41098 -71.36704 

HOME adult female 0.541 2005 42.41098 -71.36704 

HOME adult female 0.671 2005 42.38906 -71.37141 

HOME adult female 1.880 2005 42.39875 -71.3695 

WODU Unbanded adult female 0.012 2003 42.4588 -71.54403 

WODU adult female 0.020 2003 42.4615 -71.54208 

WODU adult female 0.031 2003 42.45908 -71.54405 

WODU adult female 0.033 2003 42.4618 -71.542 

WODU adult female 0.081 2003 42.46223 -71.54215 

WODU adult female 0.025 2004 42.33159 -71.51867 

WODU adult female 0.082 2003 42.33782 -71.51828 

WODU adult female 0.021 -71.36748 

WODU Unbanded adult female 0.027 -71.36704 

WODU adult female 0.047 -71.362 

WODU adult female 0.050 -71.3695 

WODU adult female 0.052 -71.38761 

WODU adult female 0.421 -71.3753 

Year 

CR-0-BBHM0002-0-050510 1086-733-03 

CR-0-BBHM0001-0-050425 1086-733-03  -71.32045 

DE-0-BBHM0001-0-030509 Delaney 706-200-80 

DE-0-BBHM0002-0-030509 Delaney 706-200-78 

WR-0-BBHM0001-0-030506 706-200-76 

WR-0-BBHM0003-0-030530-R 706-200-76 

S8-3-BBHM0050-0-040420 Sudbury River 1076-287-30 

S8-2-BBHM0008-0-050411 Sudbury River 1086-733-00 

S8-1-BBHM0013-0-050418 Sudbury River 1086-733-04 

S8-3-BBHM0011-0-050505 Sudbury River 1086-733-02 

S8-3-BBHM0012-0-050526 Sudbury River 1086-733-02 

S8-3-BBHM0004-0-050505 Sudbury River 1086-733-05 

S8-3-BBHM0005-0-050526 Sudbury River 1086-733-05 

S8-2-BBHM0010-0-050505 Sudbury River 1086-733-01 

S8-2-BBHM0007-0-050411 Sudbury River 1086-733-02 

DE-0-BBWD0002-0-030509 Delaney 

DE-0-BBWD0001-0-030509 Delaney 706-200-84 

DE-0-BBWD0004-0-030509 Delaney 1076-287-54 

DE-0-BBWD0003-0-030509 Delaney 1076-287-51 

DE-0-BBWD0005-0-030509 Delaney 706-200-74 

SR-0-BBWD0050-0-040421 Sudbury Reservoir 1076-287-33 

SR-0-BBWD0001-0-030507 Sudbury Reservoir 706-200-82 

S8-3-BBWD0003-0-030505 Sudbury River 706-200-77 2003 42.39728 

S8-3-BBWD0001-0-030527 Sudbury River 2003 42.41098 

S8-2-BBWD0002-0-030505 Sudbury River 706-200-81 2003 42.39517 

S8-3-BBWD0004-0-030611 Sudbury River 1076-287-86 2003 42.39875 

S7-2-BBWD0051-0-040420 Sudbury River 1076-287-31 2004 42.34458 

S8-3-BBWD0050-0-040420 Sudbury River 1076-287-29 2004 42.40476 

BioDiversity Research Institute A.X-1 



Waterfowl Hg levels for the Nyanza Risk Assessment 

Appendix XI. Individual summary of georeferenced feather Hg levels for waterfowl. 

Sample ID Location Species Band # Bird Age Bird Sex Hg ww Latitude Longitude 

Charles River HOME adult female 8.92 2005 42.1781 -71.32045 

HOME adult female 17.50 2003 42.45415 -71.54452 

HOME adult female 6.25 2003 42.45947 -71.54388 

HOME adult female 6.44 2005 42.33148 -71.52031 

HOME adult female 7.59 2004 42.42054 -71.36002 

HOME adult female 5.16 2005 42.3689 -71.3824 

HOME adult female 5.85 2005 42.39875 -71.3695 

HOME adult female 7.48 2005 42.38977 -71.3651 

HOME adult female 4.96 2005 42.38906 -71.37141 

HOME adult female 0.90 2005 42.41098 -71.36704 

WODU adult female 0.30 2004 42.33159 -71.51867 

WODU adult female 0.54 2004 42.34458 -71.38761 

WODU adult female 0.44 2004 42.40476 -71.3753 

Year 

CR-0-BFHM0001-0-050425 1086-733-03 

DE-0-BFHM0001-0-030509 Delaney 706-200-80 

DE-0-BFHM0002-0-030509 Delaney 706-200-78 

SR-0-BFHM0007-0-050503 Sudbury Reservoir 1086-733-06 

S8-3-BFHM0050-0-040420 Sudbury River 1076-287-30 

S8-1-BFHM0006-0-050418 Sudbury River 1086-733-04 

S8-2-BFHM0003-0-050411 Sudbury River 1086-733-02 

S8-2-BFHM0004-0-050411 Sudbury River 1086-733-00 

S8-2-BFHM0005-0-050411 Sudbury River 1086-733-01 

S8-3-BFHM0002-0-050429 Sudbury River 1086-733-05 

SR-0-BFWD0050-0-040421 Sudbury Reservoir 1076-287-33 

S7-2-BFWD0051-0-040420 Sudbury River 1076-287-31 

S8-3-BFWD0050-0-040420 Sudbury River 1076-287-29 
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Kingfisher Hg levels for the Nyanza risk assessment 

1.0 ABSTRACT 

Exposure of belted kingfisher (Ceryle alcyon) to mercury (Hg) was assessed as part of a 

Baseline Ecological Risk Assessment (BERA) to determine if Hg present in the Sudbury River 

below the Nyanza Superfund Site, in Ashland, MA, could pose a potential risk to this receptor 

group. Samples of kingfisher blood, feathers, and one egg were collected from several Sudbury 

River reaches, nesting areas in the vicinity of those reaches, and from nearby reference locations. 

All tissue samples were analyzed for total Hg.  

Effect Critical Body Residues (CBRs) were derived from the literature to help interpret 

the kingfisher Hg tissue residue data. These effect CBRs equaled 3.0 µg/g for blood (wet 

weight, ww), 1.3 µg/g for eggs (ww), and 19.8 µg/g for feathers (fresh weight, fw). 

Although the sample size was small, the total Hg levels in blood and feathers were found 

to be higher in kingfishers captured from the Sudbury River area versus the reference locations. 

However, all of the tissue residue values for kingfishers fell below their respective effect CBRs. 

2.0 INTRODUCTION 

A field study of Hg exposure to belted kingfisher (Ceryle alcyon) was undertaken in 

support of BERA investigations on the Sudbury River in Massachusetts. This river was 

contaminated with Hg released  by the Nyanza Superfund Site in Ashland, MA. The U.S. 

Environmental Protection Agency (USEPA) has been performing a BERA to determine the 

potential risk to wildlife associated with residual Hg in the river.  This report describes efforts to 

quantify the potential exposures of belted kingfishers feeding in the vicinity of the Sudbury 

River. 

Hg is generally released into the environment in inorganic form.  This chemical is 

converted to methyl mercury (MeHg) through bacterial metabolism and other biological 

processes. MeHg is the most biologically active and toxic form of Hg. Most of the Hg in 

biological tissues is present as MeHg. All tissues sampled for this study were analyzed for total 

Hg, and concentrations are generally discussed as “Hg” throughout this report. Unless specified 

otherwise, it can be assumed that most of this Hg is present as MeHg. 
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2.1 Site Background

The Nyanza Site is located about 35 km west of Boston. The Site, which covers around 

35 acres, is situated in an industrial area 0.4 km south of the Sudbury River.  It is connected to 

the River via several surface water drainage pathways.  Several companies operated at this 

location between 1917 and 1978, producing textile dyes and dye intermediates.  Large quantities 

of waste were disposed of on-site in pits, below-ground structures, and several lagoons during 

the course of these operations. Process chemicals, including nitrobenzene, phenol, and mercuric 

sulfate, were also disposed of on-site or discharged directly to the Sudbury River.  It has been 

estimated that between 45 and 57 metric tons of Hg were discharged to the Sudbury River and its 

associated wetlands during this time.  The facility was closed in 1978. 

The Site was placed on the National Priorities List (NPL) in 1982. Since that time, 

USEPA has remediated the Site proper, and several adjacent waterways and wetlands. 

Discharge of Hg to the Sudbury River has been eliminated to the extent practicable.  Substantial 

quantities of Hg are still present in sediment through the remainder of the Sudbury River, which 

can serve as a secondary source of Hg to surface water and wildlife.  This residual contamination 

is referred to by USEPA as Operable Unit IV; Mercury Contamination within the Sudbury River. 

USEPA is completing a BERA to determine whether Hg in the Sudbury River has the 

potential to cause unacceptable risk to ecological receptors (primarily fish, birds, and mammals), 

and to determine whether there is a need for further remediation to address such risk.  This study 

was conducted by BioDiversity Research Institute (BRI) in support of the larger BERA effort 

being conducted by Avatar Environmental. 

2.2 Overall Study Design

The USEPA BERA process calls for identifying populations, species, or group of species 

that may be adversely affected by a contaminant, in this case Hg.  These are generically referred 

to as “ecological receptors”.  The potential for risk to these receptors is typically measured using 

several lines of evidence to help reduce the overall uncertainty inherent in the study of wildlife 

populations. Data collected from the study site are usually compared with data from an 

ecologically similar “reference” site.  This is particularly important for Hg studies in the 

northeastern U.S. where deposition of Hg in wet and dry precipitation has resulted in elevated 
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Hg in the regional environment.  The CERCLA program must distinguish between point-source 

risk from a hazardous waste site and regional risk.  The study design contained the following 

elements: 

x Compare Hg concentrations in kingfisher tissues (blood, feather, and egg) collected from 

the Sudbury River to concentrations associated with adverse effects. These 

concentrations are derived from the scientific literature and are known as effect CBRs. 

x Compare Hg concentrations in kingfisher tissue collected from the Sudbury River with 

the same tissues collected from local reference areas with similar habitats. 

x Compare Hg concentrations in kingfishers tissue collected from the Sudbury River with 

the same tissues collected in other parts of New England or elsewhere in the U.S. where 

atmospheric deposition (as opposed to a distinct point source like a toxic waste site) is the 

primary source of Hg in the environment.  

3.0 PURPOSE OF THE KINGFISHER TASK 

The purpose of this field study was to measure Hg exposure in the belted kingfisher (C. 

alcyon) feeding along the Sudbury River downstream from the Nyanza Superfund Site and at 

nearby reference locations. The potential for ecological risk was estimated by comparing the Hg 

levels measured in kingfisher tissues to conservative effect CBRs derived from the literature.  

This profile will serve as a basis for the piscivorous bird risk assessment task of the Nyanza 

Superfund BERA. 

4.0 ECOLOGY OF THE BELTED KINGFISHER 

The belted kingfisher is a relatively common and widely distributed obligate avian 

piscivore. It inhabits many habitats, ranging from small streams to large rivers, ponds to large 

lakes and reservoirs, emergent wetlands, estuaries, and marine environs (Bent 1940, Hamas 

1994). Kingfishers forage on the locally most-abundant prey available (Davis 1980, Sayler and 

Lagler 1946), especially surface fish from 4-14 cm long, but also crayfish, insects, and small 

amphibians (Bent 1940, Davis 1982, Albano 2000).  In Ohio, 88% of the adult diet consisted of 

fish ranging from 6-12 cm (Davis 1980). Nestlings were fed fish with mean size of 8-9 cm for 
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their first four weeks along the Connecticut River in western Massachusetts (Albano 2000).  In 

Ohio, Davis (1982) found that after periods of heavy rain, when waters were turbid, kingfishers 

often switched to crayfish. 

Kingfishers nest in Massachusetts from late March-early April (when nests are 

excavated) into July and early August (when fledglings disperse). Adult male kingfishers may 

be permanent residents on territories with year-round water access (e.g., coastlines, rivers and 

estuaries; (Pittaway 1994, Albano 2000).  Although only limited information is available on the 

size of kingfisher foraging territories, it appears that the size may depend on prey density and/or 

presence of other kingfishers in the area. The home range of the belted kingfisher is relatively 

small and ranges between 0.4 and 2.2 km (Brooks and Davis 1987).  Davis (1982) determined 

that linear stream territories were approximately 1.0 km during the breeding season.  Cornwell 

2
(1963) found that the average breeding kingfisher territory was about 1.5 km  in size 

Belted kingfishers excavate a 1-3 m burrow in the open, sandy banks of bays, rivers, and 

lakes. The burrow is usually located within 0.5-2.0 m from the top of the bank and thus allows 

access to most nests for repeated sampling of the young.  The availability of suitable nesting sites 

(i.e., earthen banks) appears critical for the distribution and local abundance of this species 

(Hamas 1994).  Kingfishers will often nest in active or abandoned gravel pits located close to 

water. 

5.0 CRITICAL BODY RESIDUES IN KINGFISHERS 

The USEPA, in its report to Congress (1997), stated that piscivorous birds, including the 

belted kingfisher, are especially vulnerable to Hg exposure because of their high position in the 

aquatic food chain. The USEPA calculated that the average daily Hg intake for kingfishers 

consuming 70g of prey equaled 25 µg/kg/day (Nichols et al. 1999).  The kingfisher has been 

selected in the past as an indicator species in freshwater systems for use in empirical studies 

(Baron et al. 1997) and mathematical models (Moore et al. 1999) because of its high potential for 

Hg exposure. 

In this report, the effect CBRs for the belted kingfisher were derived from field studies on 

the common loon (Gavia immer) for blood and eggs, and field and laboratory studies on the great 

egret (Ardea alba) for feathers and prey items.  Blood Hg levels of 3.0-4.0 µg/g (ww) in the 
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common loon resulted in reproductive, behavioral, and physiological effects (Evers et al. 2004). 

Egg Hg levels of 1.3 µg/g (ww) in loons resulted in smaller egg volume (Evers et al. 2003).  

Changes in the size of breeding populations of wading birds between 1994 and 2001 

strongly correlated with changes in egret feather Hg levels (Heath and Frederick 2005).  Mean 

Hg levels in egret feathers and prey items equaled 19.8 µg/g (fw) (Frederick et al. 2004) and 0.41 

Pg/g (ww) (Frederick et al., 1999), respectively, during years characterized by declines in 

population levels. 

The effect CBRs for small avian piscivores, as represented by the belted kingfisher, 

equals 3.0 µg/g in blood, 1.3 µg/g in egg, and 19.8 µg/g in feather. 

6.0 STUDY AREA AND METHODS 

6.1 Study Areas 

The Sudbury River is about 42 km long.  Several types of habitats occur along this 

length, including impoundments, urban flowing reaches, and reaches with extensive bordering 

wetlands. The study design focused on Heart Pond (reach 7), Great Meadows National Wildlife 

Refuge (GMNWR) (reach 8), surrounding gravel pits where kingfishers nest, and two local 

reference locations – the Charles River and Whitehall Reservoir (Table 1). 

Table 1: Belted kingfisher sampling locations on the Sudbury River and nearby reference locations 

Reach 

No. Description 1 Description 2 Comment 

Sampled for 

Kingfisher? 

Tissues 

Collected? 

SITE-IMPACTED LOCATIONS 

1 Sudbury River - upstream from Site N N 

2 Sudbury River Mill Pond next to Site N N 

3 Sudbury River Reservoir 2 lobes 1, 2, and 3 N N 

4 Sudbury River Reservoir 1 - N N 

5 Sudbury River - free flowing N N 

6 Sudbury River Saxonville Res. - N N 

7 Sudbury River - free flowing; Heard Pond Y Y 

8 Sudbury River Great Meadows extensive wetlands Y Y 

9 Sudbury River Fairhaven Bay natural embayment N N 
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Table 1: Belted kingfisher sampling locations on the Sudbury River and nearby reference locations 

Reach 

No. Description 1 Description 2 Comment 

Sampled for 

Kingfisher? 

Tissues 

Collected? 

10 Sudbury River - confluence Assabet River N N 

LOCAL REFERENCE LOCATIONS 

- Charles River - wetland & river habitat Y Y 

- Whitehall Res. - reservoir habitat Y Y 

6.2 Capture techniques 

The study was conducted between April and August of 2003 (Appendix II). A 

motorboat or a canoe was used to locate kingfisher burrows on the Sudbury River. Active and 

old gravel pits in the study area were surveyed by car and foot.  Burrows with fresh kingfisher 

“tracks” (Bent 1940, Hamas 1975, Albano 2000) were carefully excavated from the rear to 

determine the status of the nest.  During the excavation process, a mist net loop trap was placed 

in front of the burrow to catch the adult if flushed from the nest.  A pre-cut plywood “door” was 

placed to reseal the excavated entrance at the rear of the nest chamber between visits.  This door 

was covered with soil. A heavy rock or a dead tree limb was then placed over the covered area 

to prevent predators from digging out and disturbing the burrow (Davis 1980, Albano 2000). 

None of the nests accessed in this manner were subsequently depredated. 

At nests discovered during the nestling period, nestling age was determined by weight 

and stage of feather 

development (Hamas 

1975, 1994, Albano 

2000). Blood samples 

were also collected from 

18- to 24-day old birds 

(Figure 2). The nest was 

revisited at a later date to 

band the chicks and 

collect blood samples for  

Figure 2.  Twenty-one-day old Belted Kingfisher nestlings, Sudbury, 

Massachusetts, 2003. 
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Hg analysis if the chicks were younger than ~ 18 days. Sometimes, the location of the nest made 

it too difficult to access the burrow (e.g., when the nest was located under a tree or too far down 

on the bank). In those situations, the adults were captured by placing a mist-net in front of the 

burrow. Birds were caught in the net when they tried to enter the burrow. 

Occasionally, a kingfisher was found foraging in an unknown breeding territory.  In such 

cases, a playback recording of a kingfisher call was used with a belted kingfisher model placed 

by a 12 m mist-net on the shore.  This capture method took advantage of the belted kingfisher’s 

highly territorial nature.  When a bird on its feeding territory encounters an “intruder,” it attacks 

the model and gets trapped in the net (Davis 1982, Albano 2000).  All of the birds were banded 

with US Fish and Wildlife Service bands.   

6.3 Blood and feather collection and processing 

A 25-gauge, disposable needle was used on both adults and young to puncture the 

cutaneous ulnar vein in the wing. A green top microtainer with a blood flow adaptor was then 

employed to collect 0.1 to 0.6 cubic centimeters (cc) of blood.  Blood samples were stored in 0.6 

cc green top microtainers, placed on ice, and frozen within 2-4 hours of collection.  The second 

secondary feather from adult birds was clipped on the calamus (below the base of the vein), 

placed in clean, labeled plastic bags, and refrigerated. 

6.4 Sampling of nestling food items 

Prey fish dropped by adults captured at the entrance of a burrow were collected when 

the opportunity presented itself. These fish samples were placed in clean, labeled, plastic bags 

and frozen within 2-4 hours. Each fish was identified to species, measured, and weighed before 

it was frozen. 

6.5 Sample analysis 

Brooks Rand Laboratories (BRL) analyzed all of the tissue samples collected in this 

study. Additional details are provided in the BERA.  All tissue results represent total Hg 

because MeHg comprises >95% of the Hg in  blood, feather and egg (Evers et al. 2005).  Prey 

fish were also analyzed for total Hg even though small fish Hg levels are likely <80% MeHg. 
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All blood, egg and prey fish Hg levels are reported on a wet weight (ww) basis, while feathers 

are reported on a fresh weight (fw) basis. 

6.6 Data preparation and statistical analysis 

All means are arithmetic unless otherwise specified.  The sample sizes were too small to 

be used in statistical tests. Appendix 1 provides the statistical analysis used to determine the 

effect CBR for blood and eggs for piscivorous birds. 

7.0 RESULTS AND DISCUSSION 

7.1 Summary of sampling efforts 

The shorelines along the study areas, together with all known gravel pits and excavation 

sites within 2 km of the study areas, were surveyed for presence of kingfishers and their nesting 

burrows. A total of eight adults, 12 nestlings, two fledged young, and one egg from six nests 

were collected for this study (Appendix III, Table 2). Blood samples were collected from all of 

the birds. Three of the adults and one chick were also captured at a later date and re-sampled to 

determine if blood Hg levels had changed during the breeding season.  Second secondary 

feathers were collected from adults only.  Nine individual prey fish represented by four species 

(i.e., golden shiner (Notemigonus crysoleucas), chain pickerel (Esox niger), white crappie 

(Pomoxis annularis), and sunfish (Lepomis spp.)) were collected from three nests and were also 

analyzed (Table 4). 

Table 2. Summary of belted kingfisher sampling efforts, Massachusetts, 2003. 

Kingfisher territory 

# adult blood 

samples 

# feather 

samples 

# 

nestling/fledgling 

blood samples 

Recaptured 

individuals 

Other samples 

collected 

Reference locations 

Charles River 1 1 - - -

Whitehall Reservoir Pit  2 2 - - -

Site-impacted locations 

Reach 7 (Heard Pond) - 2 2 fledglings - -

Reach 8 (Transfer 21 1 6 nestlings 1 adult 4 fish 

Station Pit) 

Reach 8 (Macone’s) 31 2 - 1 adult 3 fish 

Reach 8 (Route 117 Pit) 31 2 7 nestlings 1 1 adult 1 egg, 

1 nestling 2 fish 

1 # includes blood samples collected from recaptured individuals 
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7.2 Summary of Hg exposure 

Adults.  All adult kingfishers had blood Hg levels below the effect CBR for avian 

piscivores (Table 3). Mean blood Hg levels were lowest at the reference sites: Whitehall 

Reservoir (0.26 µg/g) and Charles River (0.29 µg/g), and highest in reach 8 - Route 117 Pit (0.75 

µg/g) (Table 3). Individual blood Hg levels in adult kingfishers ranged from 0.07 µg/g to 1.33 

µg/g (Appendix III). Both of these extremes were measured in the same male captured at the 

same location (reach 8 – Macone’s), but two months apart.  This individual had a blood Hg level 

of 1.33 µg/g when it was first captured on 23 April. The blood Hg level declined to 0.07 µg/g 

when the same bird was captured the second time on 26 June (Figure 3). 

Table 3. Mean blood and feather Hg levels (µg/g) for the belted kingfisher, MA, 2003. 
Adult Blood Hg Nestling Blood Hg Adult Feather Hg 

Kingfisher Territory Mean ± sd (n) Mean ± sd (n) Mean ± sd (n) 

Effect CBRs (µg/g, ww) 3.0 Not determined 19.8 

Reference locations 

Charles River 0.29 (1) - 7.2 (1) 

Whitehall Reservoir Pit  0.26 ± 0.19 (2) - Not analyzed 

Site-impacted locations 

Reach 7 (Heard Pond)   (fledglings) 1 0.51± 0.36 (2) - 2.8 ± 0.33 (2) 

Reach 8 (Transfer Station) 0.67 (1) 2 0.15± 0.21 (6) 12.4 (1) 

Reach 8 (Macone’s) 0.39 ± 0.44 (2) 2 - 5.4 ± 2.2 (2) 

Reach 8 (Route 117 Pit) 0.75 ± 0.07 (2) 0.11± 0.07 (6) 2 7.4 ± 4.8 (2) 
1Fledglings are comparable to adults for this analysis. 
2Hg concentrations from recaptured birds were averaged and the mean was used in the calculation of site means.  

The water levels and water depth changed dramatically in the Sudbury River between 

April and June that year.  In April, this male was observed flying from his nesting burrow 

upstream on the Sudbury River, whereas in June, foraging forays were observed near the nest 

towards areas other than the Sudbury River. Blood Hg levels reflect recent (1-2 weeks) Hg 

exposure from the diet (Evers et al. 2005).  Individuals can lower their blood Hg levels by 

switching to a different prey or by foraging in different locations. Hence, the data from this one 

bird suggested that foraging in aquatic habitats unconnected with the Sudbury River could 

confound the interpretation of Hg exposure to some of the kingfishers sampled in this study. 
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Figure 3. Belted kingfisher blood Hg levels (adults and fledglings), Massachusetts, 2003. 
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The Hg levels in second secondary adult feathers in this study ranged from 2.53 to 12.44 

µg/g (fw) (Appendix III, Figure 4). Feathers are useful for measuring Hg exposure because 

birds deposit Hg in this tissue during feather formation. This process occurs during the short 

period of time when the blood supply to the growing feather is still intact. Feather Hg levels 

reflect the bird’s lifetime body burden of Hg, particularly if the Hg that bioaccumulated over 

time in the birds’ muscle tissue was mobilized into the blood and deposited in the feathers during 

molt (Burger 1993, Evers et al. 2005). Evers et al. (1998) found that feather Hg levels in 

common loons recaptured over time from low-Hg sites remained roughly the same from year to 

year, but the levels measured in recaptured birds from high-Hg sites (e.g., where blood Hg levels 

> 3.0 ug/g, ww) increased on average by 9%. Since feather Hg reflects body burden or lifetime 

accumulation of Hg, younger individuals tend to have less Hg in feathers than older birds. 
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Figure 4. Individual adult kingfisher feather Hg levels, Massachusetts, 2003. 
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Note: A “second year” (SY) bird hatched the year before its capture and sampling, whereas an “after second year” 

(ASY) bird hatched at least two years before its capture and sampling. 

Nestlings and Eggs. An effect CBR was not determined for Hg in nestling blood.  

Nestling kingfishers were sampled from two nests on reach 8 (GMNWR).  The Hg levels in 

these chicks ranged from 0.06 to 0.25 µg/g (ww) and from 0.02 to 0.58 µg/g (ww) (Appendix 

III). Blood samples were collected on two separate occasions from one chick from reach 8 

(Route 117 Pit); its blood Hg level dropped over 50% between June 10 (0.13 µg/g) and June 20 

(0.06 µg/g). This change paralleled the finding of declining blood Hg levels from an adult male 

in a nearby territory. 

One egg collected from reach 8 (Route 117 Pit) contained 0.15 µg/g of Hg.  Based on 

previous studies, Hg levels in eggs within a clutch vary considerably and the testing of one egg 

from a clutch of seven may not provide conclusive information (Evers et al. 2005).  However, 

based on this one result, it appears unlikely that this clutch exceeded the effect CBR for eggs, 

which equals 1.3 µg/g (ww). 

Prey Fish.  The whole body Hg levels in prey fish ranged from 0.12 to 0.33 µg/g (ww) in 

the four species tested (Table 4); the mean +/- sd for all prey fish was 0.18 +/- 0.07 µg/g (ww).   
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Table 4. Hg levels in prey fish collected from kingfisher nests, Massachusetts, 2003. 
Site-Impacted Locations Species Length (cm) Weight (g) Hg (µg/g, ww) 

Reach 8 (Macone’s) chain pickerel 

 chain pickerel 

 sunfish 

9.7 

8.5 

7.0 

7.1 

5.5 

5.9 

0.174 

0.138 

0.125 

Reach 8 (Route 117 Pit) 

Reach 8 (Transfer Station Pit) 

golden shiner 

 golden shiner 

golden shiner 

 golden shiner 

 white crappie 

 sunfish 

8.2 

10.7 

10.9 

8.7 

10.5 

9.6 

5.4 

14.1 

13.3 

8.6 

16.0 

17.6 

0.120 

0.325 

0.115 

0.235 

0.202 

0.172 

7.3 Geographic comparisons

The Hg levels in tissues of the kingfishers sampled in reaches 7 and 8 on the Sudbury 

River were not significantly different (F=0.69, p>0.05) from the levels measured in the Upper 

Peninsula of Michigan and southern New England states, both of which are primarily affected by 

the atmospheric deposition of Hg (Figure 5). The blood Hg levels in adult kingfishers collected 

from the two Sudbury River reference areas used in this study (Charles River and Whitehall 

Reservoir) were significantly lower than the concentrations measured in adults collected from 

New Hampshire and Vermont (t=2.17, p=0.004).  This pattern suggested that the choice of 

reference locations could play an important role in interpreting the extent of Hg contamination 

on the Sudbury River. This issue is germane because of the lack of an available upstream 

reference area on the Sudbury River itself. 

The New Hampshire and Vermont kingfisher Hg samples were collected under an 

USEPA project using protocols based on a random sampling design (i.e., Regional 

Environmental Monitoring and Assessment Program).  As a result, the similarity of Hg levels 

between reaches 7 and 8 on the Sudbury River and the two northern New England states 

indicated that the Hg levels measured in this study reflected regional concentrations. 
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Figure 5. Mean blood Hg levels in adult belted kingfishers sampled from freshwater habitats in 

six states, 2000-2006 (Lane et al. 2004). 
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* Adult blood Hg levels in “MA” represent a statewide mean of kingfisher blood Hg levels for Massachusetts. 

8.0 CONCLUSIONS 

x The mean blood and feather Hg levels in belted kingfishers collected from or in the 

vicinity of reaches 7 and 8 on the Sudbury River tended to be higher than the Hg levels 

measured in three birds collected from the two reference locations.  However, no values 

exceed effect CBRs that could cause behavioral, physiological, or reproductive impacts 

in avian piscivores. 

x The mean blood Hg levels for belted kingfishers in this study were similar to Hg levels in 

birds collected from other states, such as Michigan, New Hampshire, and Vermont, 

where Hg in the environment originates mainly from atmospheric deposition. 

x Mean blood Hg levels in belted kingfishers in this study tended to be lower than Hg 

levels measured in the same species in Maine. 
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x Changes in blood Hg concentrations in one juvenile and one adult bird sampled on two 

separate occasions within the same breeding season suggested that kingfishers on the 

Sudbury River may forage at different locations and/or on different prey items. 

x The potential for ecological risk to small piscivorous birds foraging on the Sudbury River 

is negligible. 
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Appendix I. Regression model analysis for Tree Swallow blood-egg relationship. 

(Mike Newman, Virginia Institute of Marine Sciences, College of William and Mary) 

The regression modeling conducted by BRI was reviewed in January 2006 at the 
request of the U.S. Fish and Wildlife Service.  The associated data were analyzed using 
SAS after some minor transformation and assumptions were made. First, a univariate 
statistic was applied instead of using the data for each egg directly because eggs taken 
from each nest varied in number and laying order. There was no reason to assume a 
normal distribution for these sparse clutch data so the geometric mean of clutch eggs 
was chosen as the statistic instead of the arithmetic mean. The error associated with 
blood Hg was judged to be quite small relative to that associated with the geometric 
mean of the egg Hg concentrations. This was based on subjective knowledge of the 
accuracy/precision of the Hg analyses, not a rigorous examination of the associated 
QC/QA data for the blood analyses.  Therefore, a conventional predictive regression 
method was applied to the BRI modeling. However, the geometric mean of egg Hg 
concentrations was used as the dependent variable instead of the arithmetic mean. 

Preliminary data plots suggested that a linear, unweighted regression model be applied 

to untransformed data: Geometric Mean [Hg]egg = 0.4554[Hg]blood - 0.047� where data 
were assumed to be sufficiently normally distributed and the independence of the value 
of [Hg]blood was allowed for useful prediction in the region of interest.  The assumptions 
associated with the error term were explored as detailed in the SAS output shown 
below. 

Because the focus of the modeling was prediction, prediction residual analyses were 
also done as well as plots of actual observations, predicted values, and Upper/Lower 
95% confidence intervals for the individual predictions. 

1. 	The use of a Type 1 (predictive) regression model is rejected because the strict 
requirement of a Type 1 model is that the independent variable be known without 
any error. In practice, Type 1 models are avoided if the independent variable has 
enough error to make its predictions suspect. My judgment is that the error in the 
blood Hg analyses is small relative to the egg geometric mean mercury 
concentration and a Type 1 model was applied to make predictions. 

2. 	The normality of residuals was assessed (see page 2 of the SAS output below) 
using PROC UNIVARIATE tests. None of the four conventional normality tests 
rejected the null hypothesis of a normal distribution.  The normal plot on page 4 
shows good agreement with a normal distribution with some deviations at the 
higher values. 

3. 	Heteroscadasticity was assessed by plotting the residuals against the 
independent variable (page 11 of output). The lowest blood mercury values had 
less variability than the other observations but the trend was not obvious enough 
to warrant data transformations or regression weighting. To further bolster 
acceptance of the assumption of homoscadasticity, I noted that the plots of 
prediction residuals (pages 7 or 10 of the output) did not suggest a problem with 
predictions in the region of interest.   

4. 	There was reason to assume that the eggs within a clutch are dependent so I 
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rejected this approach in the regression analyses.  The inferences or predictions 
are made about geometric means of egg mercury concentrations, not individual 
eggs so the point being made is not relevant to the analyses shown here. 

5. 	The residual plot for the original model did not clearly suggest the need for a log 
transformation. 

6. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg Hg is 
1.5 ug/g Blood Hg.

7. 	The (mean) inverse prediction for a 0.4 clutch geometric mean ug/g Egg Hg is 
1.5 ug/g Blood Hg.

8. 	Regardless, the variability in the model could argue for a conservative stance, 
i.e., use the lower 95% fiducial limit instead of the mean predicted value.  Also, a 
conservative stance appears prudent because predictions are made for clutch 
geometric means, not individual eggs. 
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SAS Output – July 3, 2006 
Regression Analysis of Tree Swallow Blood Hg/Geometric Mean Egg HG Data 

The SAS System    14:25 Monday, July 3, 2006  1

   The REG Procedure 
 Model: MODEL1 

 Dependent Variable: EGGHG
  Analysis of Variance 

  Sum of   Mean 
  Source DF  Squares Square F Value    Pr > F 

  Model  1

  Error  97

  Corrected Total 98


 0.31632  0.31632  104.99    <.0001 
 0.29225  0.00301 
 0.60857 

Root MSE  0.05489 R-Square  0.5198 
Dependent Mean  0.13973 Adj R-Sq  0.5148 
Coeff Var 39.28371 

  Parameter Estimates 
 Parameter     Standard 

  Variable    DF Estimate    Error    t Value   Pr > |t| 
  Intercept 1  0.04264  0.01096   3.89 0.0002 
  BLOODHG 1  0.23673  0.02310  10.25 <.0001 

 The SAS System  14:25 Monday, July 3, 2006 2 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Moments 
N 99  Sum Weights  99 
Mean  0  Sum Observations  0 
Std Deviation   0.05460929  Variance   0.00298217 
Skewness  0.11241816  Kurtosis   0.87935874 
Uncorrected SS  0.29225307  Corrected SS   0.29225307 
Coeff Variation  .  Std Error Mean   0.00548844 

 Basic Statistical Measures 
 Location  Variability 

  Mean 0.00000  Std Deviation   0.05461 
  Median   -0.00525  Variance  0.00298 
  Mode  . Range  0.30237 

Interquartile Range   0.06927 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  0   Pr > |t|    1.0000 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -30    Pr >= |S|   0.9172

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.981098  Pr < W   0.1665 
Kolmogorov-Smirnov   D  0.064282  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.054131  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.475942  Pr > A-Sq   0.2394 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.14864095
 99%    0.14864095
 95%    0.07753801
 90%    0.06763168
 75% Q3   0.03674980
 50% Median  -0.00524604
 25% Q1  -0.03251554 

 The SAS System  14:25 Monday, July 3, 2006 3 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Quantiles (Definition 5) 

BioDiversity Research Institute A.I-3 



______________________________________________________________________________________ 

______________________________________________________________________________________ 

Kingfisher Hg levels for the Nyanza risk assessment 

 Quantile Estimate
 10%   -0.06276059
 5%  -0.08947494
 1%  -0.15372734
 0% Min   -0.15372734

  Extreme Observations 
 -------Lowest------  ------Highest----- 

  Value  Obs   Value   Obs 
 -0.1537273   89  0.077538   95 
 -0.1436161   71  0.124758   43 
 -0.1080088   65  0.137627   13 
 -0.1078949   11  0.141023   94 
 -0.0894749   79  0.148641   90 

Stem Leaf #  Boxplot 
  14 19  2  0
  12 58  2  |
 10  |
 8  |

   6 04892458   8  |
   4 22247777823  11  |
   2 23459245679  11  +-----+ 
   0 0356677233559 13  | +  | 
  -0 877544887665532  15  *-----* 
  -2 9863209888765211 16  +-----+ 
  -4 86977765531  11  |
  -6 43953  5  |
  -8 9 1  |
 -10 88  2  |
 -12 
 -14 44  2  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 4 

The UNIVARIATE Procedure
  Variable:  REGRES  (Residual) 

 Normal Probability Plot 
0.15+ * * 

| **  ++++ 
|  +++ 

0.09+ ++++ 
|    +****** 
|  ***** 

0.03+  ****
 | +**** 
|  ***** 

  -0.03+  ****** 
| ***** 
| ****++ 

  -0.09+ +*++ 

| ++** 


  |++++ 

  -0.15+* * 

   +----+----+----+----+----+----+----+----+----+----+ 
-2 -1 0 +1  +2 

 The SAS System  14:25 Monday, July 3, 2006 5 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Moments 
N 99  Sum Weights  99 
Mean   -0.0001244  Sum Observations    -0.0123165 
Std Deviation   0.05663067  Variance   0.00320703 
Skewness  0.08791625  Kurtosis   1.14463193 
Uncorrected SS  0.31429076  Corrected SS   0.31428923 
Coeff Variation  -45519.704  Std Error Mean 0.0056916 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -0.00012  Std Deviation   0.05663 
  Median   -0.00531  Variance  0.00321 

BioDiversity Research Institute A.I-4 



________________________________________________________________________________________ 

_________________________________________________________________________________________ 

Kingfisher Hg levels for the Nyanza risk assessment 

  Mode  . 	 Range  0.33031 
Interquartile Range   0.07000 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -0.02186    Pr > |t|    0.9826 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S  -34    Pr >= |S|   0.9062

  Tests for Normality 
Test  --Statistic---  -----p Value------ 
Shapiro-Wilk  W  0.979086  Pr < W   0.1165 
Kolmogorov-Smirnov   D  0.069727  Pr > D  >0.1500 
Cramer-von Mises  W-Sq  0.062547  Pr > W-Sq  >0.2500 
Anderson-Darling  A-Sq  0.534278  Pr > A-Sq   0.1748 

 Quantiles (Definition 5)
 Quantile Estimate
 100% Max   0.16656644
 99%    0.16656644
 95%    0.07945935
 90%    0.06870225
 75% Q3   0.03714341
 50% Median  -0.00530742
 25% Q1  -0.03285370 

 The SAS System  14:25 Monday, July 3, 2006 6 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Quantiles (Definition 5)
 Quantile Estimate
 10%   -0.06342112
 5%  -0.09048422
 1%  -0.16373872
 0% Min   -0.16373872

  Extreme Observations 

 -------Lowest------  
  Value  Obs  

 -0.1637387   71
 -0.1572261   89
 -0.1113461   65
 -0.1095890   11
 -0.0904842   79

------Highest------ 
  Value   Obs 

 0.0794593    95
 0.1264071    43
 0.1393174    13
 0.1430300    94
 0.1665664    90 

Stem Leaf 	 #  Boxplot 
  16 7 	 1  0
  14 3 	 1  0
  12 69	  2  |
 10	  |
 8	  |

   6 15903569   	 8  |
   4 033357888035  12	  |
   2 2355025667 10  +-----+ 
   0 0356688233559 13  | | 
  -0 888554887765532  15  *--+--* 
  -2 973210998875311  15  +-----+ 
  -4 970888755330  12	  |
  -6 5463 	 4  |
  -8 01  2  |
 -10 10  2  |
 -12 
 -14 7 	 1  0
 -16 4 	 1  0

 ----+----+----+----+ 
 Multiply Stem.Leaf by 10**-2 

 The SAS System  14:25 Monday, July 3, 2006 7 

The UNIVARIATE Procedure 
Variable:  PREDRES  (Residual without Current Observation) 

 Normal Probability Plot 
0.17+ * 

| 	 * + 
| 	 **  +++ 
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| ++++ 
| +++ 
|    +****** 
|  ***** 
|  ****
 |  **** 
|  ***** 
|  ****** 
| ***** 
|  ***++ 
|  **+ 
| ++** 

  | +++ 
|+ * 

  -0.17+* 
   +----+----+----+----+----+----+----+----+----+----+ 

-2 -1 0 +1  +2 
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Obs   BLOODHG   PEGGHG    LOWER
 1    0.463   0.15225   0.04273  
2    0.796   0.23108   0.12017  
3    0.707   0.21001   0.09968  
4    0.292   0.11177   0.00214  
5    0.368   0.12976   0.02025  
6    0.483   0.15698   0.04744  
7    0.383   0.13331   0.02381  
8    0.390   0.13497   0.02547  
9    0.439   0.14657   0.03707  
10    0.459   0.15130   0.04179  

11    0.584   0.18089   0.07111  

12    0.380   0.13260   0.02310  

13    0.303   0.11437   0.00477  

14    0.341   0.12337   0.01383  

15    0.410   0.13970   0.03021  

16    0.386   0.13402   0.02453  

17    0.191   0.08786  -0.02209  

18    0.106   0.06774  -0.04264  

19    0.727   0.21475   0.10430  

20    0.171   0.08312  -0.02691  

21    0.111   0.06892  -0.04143  

22    0.134   0.07437  -0.03585  

23    0.119   0.07081  -0.03949  

24    0.071   0.05945  -0.05114  

25    0.168   0.08241  -0.02764  

26    0.105   0.06750  -0.04288  

27    0.244   0.10041  -0.00935  

28    0.510   0.16338   0.05379  

29    0.385   0.13379   0.02429  

30    0.244   0.10041  -0.00935  

31    0.338   0.12266   0.01312  

32    0.501   0.16125   0.05168  

33    0.244   0.10041  -0.00935  

34    0.296   0.11272   0.00310  

35    0.556   0.17427   0.06457  

36    0.684   0.20457   0.09436  

37    0.598   0.18421   0.07438  

38    0.470   0.15391   0.04438  

39    0.195   0.08881  -0.02113  

40    0.335   0.12195   0.01240  

41    0.336   0.12219   0.01264  

42    0.291   0.11153   0.00191  

43    0.539   0.17024   0.06059  

44    0.374   0.13118   0.02168  

45    0.583   0.18066   0.07088  

46    0.147   0.07744  -0.03271  

47    0.217   0.09401  -0.01583  

48    0.229   0.09685  -0.01295  

49    0.233   0.09780  -0.01199  

50    0.281   0.10916  -0.00049  

51    0.284   0.10988   0.00023  


 UPPER  EGGHG   PREDRES   REGRES 
0.26177  0.189   0.03714   0.03675 
0.34199  0.279   0.04973   0.04792 
0.32035  0.257   0.04823   0.04699 
0.22139  0.172   0.06100   0.06023 
0.23927  0.067  -0.06342  -0.06276 
0.26653  0.110  -0.04751  -0.04698 
0.24281  0.119  -0.01446  -0.01431 
0.24446  0.150   0.01519   0.01503 
0.25607  0.189   0.04287   0.04243 
0.26082  0.086  -0.06600  -0.06530 
0.29068  0.073  -0.10959  -0.10789 
0.24210  0.180   0.04789   0.04740 
0.22397  0.252   0.13932   0.13763 
0.23291  0.136   0.01277   0.01263 
0.24919  0.212   0.07303   0.07230 
0.24352  0.140   0.00604   0.00598 
0.19781  0.049  -0.03960  -0.03886 
0.17811  0.060  -0.00795  -0.00774 
0.32520  0.194  -0.02134  -0.02075 
0.19316  0.157   0.07540   0.07388 
0.17927  0.067  -0.00197  -0.00192 
0.18459  0.068  -0.00652  -0.00637 
0.18112  0.033  -0.03879  -0.03781 
0.17004  0.037  -0.02316  -0.02245 
0.19247  0.054  -0.02901  -0.02841 
0.17788  0.099   0.03236   0.03150 
0.21016  0.072  -0.02884  -0.02841 
0.27296  0.117  -0.04693  -0.04638 
0.24328  0.146   0.01234   0.01221 
0.21016  0.086  -0.01462  -0.01441 
0.23220  0.147   0.02461   0.02434 
0.27082  0.156  -0.00531  -0.00525 
0.21016  0.123   0.02294   0.02259 
0.22233  0.113   0.00029   0.00028 
0.28396  0.144  -0.03069  -0.03027 
0.31478  0.212   0.00761   0.00743 
0.29404  0.231   0.04757   0.04679 
0.26343  0.198   0.04457   0.04409 
0.19874  0.131   0.04298   0.04219 
0.23149  0.094  -0.02826  -0.02795 
0.23173  0.127   0.00487   0.00481 
0.22116  0.119   0.00756   0.00747 
0.27989  0.295   0.12641   0.12476 
0.24068  0.095  -0.03656  -0.03618 
0.29044  0.245   0.06535   0.06434 
0.18760  0.048  -0.03012  -0.02944 
0.20386  0.097   0.00304   0.00299 
0.20666  0.048  -0.04964  -0.04885 
0.20759  0.113   0.01544   0.01520 
0.21882  0.115   0.00591   0.00584 
0.21952  0.067  -0.04344  -0.04288 

 The SAS System  14:25 Monday, July 3, 2006 9 

Obs   BLOODHG   PEGGHG    LOWER
 52    0.296   0.11272   0.00310  
53    0.303   0.11437   0.00477  
54    0.320   0.11840   0.00883  

 UPPER  EGGHG   PREDRES   REGRES 
0.22233  0.068  -0.04528  -0.04472 
0.22397  0.097  -0.01759  -0.01737 
0.22797  0.165   0.04715   0.04660 

BioDiversity Research Institute A.I-6 



Kingfisher Hg levels for the Nyanza risk assessment 

55    0.328   0.12029   0.01074  0.22985  0.073  -0.04783  -0.04729 
56    0.334   0.12171   0.01217  0.23126  0.104  -0.01791  -0.01771 
57    0.346   0.12455   0.01502  0.23408  0.080  -0.04504  -0.04455 
58    0.698   0.20788   0.09760  0.31817  0.242   0.03498   0.03412 
59    0.346   0.12455   0.01502  0.23408  0.122  -0.00258  -0.00255 
60    0.305   0.11485   0.00525  0.22444  0.134   0.01939   0.01915 
61    0.443   0.14752   0.03801  0.25702  0.115  -0.03285  -0.03252 
62    0.411   0.13994   0.03045  0.24943  0.082  -0.05853  -0.05794 
63    0.542   0.17095   0.06129  0.28061  0.124  -0.04758  -0.04695 
64    0.514   0.16432   0.05473  0.27392  0.159  -0.00539  -0.00532 
65    0.745   0.21901   0.10845  0.32957  0.111  -0.11135  -0.10801 
66    0.446   0.14823   0.03872  0.25773  0.092  -0.05681  -0.05623 
67    0.312   0.11650   0.00692  0.22609  0.156   0.03997   0.03950 
68    0.325   0.11958   0.01002  0.22914  0.088  -0.03194  -0.03158 
69    0.413   0.14041   0.03092  0.24990  0.132  -0.00850  -0.00841 
70    0.423   0.14278   0.03329  0.25227  0.128  -0.01493  -0.01478 
71    1.208   0.32862   0.21317  0.44406  0.185  -0.16374  -0.14362 
72    0.851   0.24410   0.13276  0.35544  0.203  -0.04302  -0.04110 
73    0.586   0.18137   0.07158  0.29116  0.249   0.06870   0.06763 
74    0.555   0.17403   0.06434  0.28372  0.210   0.03647   0.03597 
75    0.181   0.08549  -0.02450  0.19548  0.068  -0.01784  -0.01749 
76    0.267   0.10585  -0.00384  0.21554  0.081  -0.02520  -0.02485 
77    0.470   0.15391   0.04438  0.26343  0.081  -0.07370  -0.07291 
78    0.234   0.09804  -0.01175  0.20783  0.140   0.04263   0.04196 
79    0.333   0.12147   0.01193  0.23102  0.032  -0.09048  -0.08947 
80    0.180   0.08525  -0.02474  0.19525  0.059  -0.02678  -0.02625 
81    0.063   0.05756  -0.05308  0.16820  0.052  -0.00574  -0.00556 
82    0.159   0.08028  -0.02981  0.19038  0.102   0.02219   0.02172 
83    0.062   0.05732  -0.05333  0.16797  0.092   0.03581   0.03468 
84    0.178   0.08478  -0.02523  0.19479  0.064  -0.02120  -0.02078 
85    0.134   0.07437  -0.03585  0.18459  0.047  -0.02803  -0.02737 
86    0.167   0.08218  -0.02788  0.19223  0.151   0.07027   0.06882 
87    0.667   0.20054   0.09042  0.31067  0.230   0.03011   0.02946 
88    0.131   0.07365  -0.03658  0.18389  0.067  -0.00682  -0.00665 
89    0.672   0.20173   0.09158  0.31187  0.048  -0.15723  -0.15373 
90    1.152   0.31536   0.20071  0.43001  0.464   0.16657   0.14864 
91    0.635   0.19297   0.08299  0.30294  0.245   0.05304   0.05203 
92    0.581   0.18018   0.07041  0.28996  0.255   0.07598   0.07482 
93    0.822   0.23724   0.12613  0.34834  0.250   0.01330   0.01276 
94    0.559   0.17498   0.06527  0.28468  0.316   0.14303   0.14102 
95    0.692   0.20646   0.09621  0.31671  0.284   0.07946   0.07754 
96    1.310   0.35276   0.23575  0.46977  0.284  -0.08124  -0.06876 
97    0.769   0.22469   0.11397  0.33541  0.278   0.05512   0.05331 
98    0.345   0.12432   0.01478  0.23385  0.050  -0.07513  -0.07432 
99    0.586   0.18137   0.07158  0.29116  0.206   0.02502   0.02463 
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 The SAS System  14:25 Monday, July 3, 2006  10

  Plot of EGGHG*BLOODHG.   Symbol used is '*'. 
  Plot of PEGGHG*BLOODHG.  Symbol used is 'P'. 
  Plot of LOWER*BLOODHG.   Symbol used is 'L'. 
  Plot of UPPER*BLOODHG.   Symbol used is 'U'. 
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  Plot of REGRES*BLOODHG.  Symbol used is '*'. 
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e 0.00 ˆƒƒƒƒƒƒƒƒ*ƒƒƒƒƒ*ƒƒƒƒ*ƒƒ*ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
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i ‚ *  * * *  * *  * 
d ‚ *   * **  ** * 
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The UNIVARIATE Procedure
   Variable:  PREDDEV 

 Moments 
N 99  Sum Weights  99 
Mean   -19.223262  Sum Observations  -1903.103 
Std Deviation   60.4238838  Variance   3651.04573 
Skewness  -2.4669797  Kurtosis   9.12709701 
Uncorrected SS 394386.33  Corrected SS   357802.482 
Coeff Variation -314.3269  Std Error Mean   6.07282882 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -19.2233  Std Deviation  60.42388 
  Median -3.3889  Variance  3651 
  Mode  . Range   382.83913 

Interquartile Range  59.94319 

 Tests for Location: Mu0=0 

Test    -Statistic-    -----p Value------
Student's t t  -3.16545    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -629    Pr >= |S|   0.0274 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  55.28469 
99% 55.28469 
95% 42.84985 
90% 32.80966 
75% Q3 19.82892 
50% Median -3.38887 
25% Q1    -40.11427 
10%    -88.50741 
5%   -117.54023 
1%   -327.55444 
0% Min   -327.55444 

 The SAS System 14:25 Monday, July 3, 2006  13 

The UNIVARIATE Procedure
   Variable:  PREDDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -327.554   89  42.8498 43 
   -282.763   79  45.2627 94 
   -150.262   98  46.5352 86 
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   -150.122   11  48.0262 20 
   -117.540   23  55.2847 13 
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The UNIVARIATE Procedure
   Variable:  REGRDEV 

 Moments 
N 99  Sum Weights  99 
Mean  -18.81333  Sum Observations    -1862.5197 
Std Deviation   59.2653479  Variance   3512.38147 
Skewness -2.478374  Kurtosis   9.18110185 
Uncorrected SS  379253.582  Corrected SS   344213.384 
Coeff Variation  -315.01785  Std Error Mean   5.95639158 

 Basic Statistical Measures 
 Location  Variability 

  Mean   -18.8133  Std Deviation  59.26535 
  Median -3.3482  Variance  3512 
  Mode  . Range   374.87919 

Interquartile Range  59.08249 

 Tests for Location: Mu0=0 
Test    -Statistic-    -----p Value------
Student's t t  -3.15851    Pr > |t|    0.0021 
Sign  M -2.5    Pr >= |M|   0.6879 
Signed Rank S -624    Pr >= |S|   0.0287 

Quantiles (Definition 5) 
Quantile  Estimate 
100% Max  54.61391 
99% 54.61391 
95% 42.29089 
90% 32.03469 
75% Q3 19.44434 
50% Median -3.34815 
25% Q1    -39.63815 
10%    -79.30386 
5%   -114.58828 
1%   -320.26529 
0% Min   -320.26529 

 The SAS System  14:25 Monday, July 3, 2006 15 

The UNIVARIATE Procedure
   Variable:  REGRDEV 
  Extreme Observations 

   ------Lowest-----  -----Highest----- 
  Value  Obs  Value   Obs 

   -320.265   89  42.2909 43 
   -279.609   79  44.6277 94 
   -148.631   98  45.5779 86 
   -147.801   11  47.0546 20 
   -114.588   23  54.6139 13 

SAS CODE Including Data Used to Generate the Above Output 
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Blood Hg Egg #1 Hg Egg #2 Hg Egg #3 Hg Egg # 4 Hg Egg # 5 Hg GeoMean Egg 

0.463 0.152 0.235 0.189 

0.796 0.200 0.332 0.334 0.273 0.279 

0.707 0.257 0.257 

0.292 0.172 0.172 

0.368 0.067 0.067 

0.483 0.131 0.092 0.110 

0.383 0.119 0.119 

0.390 0.150 0.150 

0.439 0.192 0.186 0.189 

0.459 0.086 0.086 

0.584 0.073 0.073 

0.346 0.122 0.122 

0.305 0.134 0.134 

0.443 0.115 0.115 

0.411 0.082 0.082 

0.380 0.180 0.180 

0.303 0.252 0.252 

0.341 0.136 0.136 

0.410 0.212 0.212 

0.386 0.140 0.140 

0.147 0.048 0.048 

0.217 0.097 0.097 

0.229 0.048 0.048 

0.233 0.113 0.113 

0.281 0.115 0.115 

0.284 0.067 0.067 

0.296 0.068 0.068 

0.303 0.097 0.097 

0.320 0.165 0.165 

0.328 0.073 0.073 

0.334 0.104 0.104 

0.346 0.080 0.080 

0.698 0.242 0.242 

0.542 0.124 0.124 

0.514 0.159 0.159 

0.745 0.111 0.111 

0.446 0.092 0.092 

0.312 0.175 0.139 0.156 

0.325 0.088 0.088 

0.413 0.132 0.132 

0.423 0.128 0.128 

1.208 0.185 0.185 

0.851 0.203 0.203 

0.586 0.249 0.249 

0.555 0.210 0.210 

0.191 0.049 0.049 

0.181 0.068 0.068 

0.267 0.081 0.081 

0.470 0.081 0.081 

0.234 0.114 0.172 0.140 

0.333 0.032 0.032 

0.180 0.059 0.059 

0.063 0.042 0.065 0.052 

0.159 0.072 0.145 0.102 

0.106 0.060 0.060 

0.062 0.092 0.092 

0.178 0.061 0.062 0.067 0.066 0.064 

0.134 0.048 0.046 0.047 

0.667 0.230 0.151 

0.185 0.308 0.230 

0.131 0.067 0.067 

0.672 0.048 0.048 

0.727 0.193 0.196 0.194 

0.171 0.157 0.157 

0.111 0.067 0.067 

0.134 0.049 0.093 0.068 

0.119 0.033 0.033 

0.071 0.052 0.026 0.037 

0.168 0.054 0.054 

0.105 0.099 0.099 

0.244 0.072 0.072 

0.510 0.117 0.117 
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Appendix II. Belted Kingfisher sampling locations, 2003. 
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Appendix III. Individual summary of georeferenced blood Hg for the Belted Kingfisher (the letter “R” at the end of the band # 

Date Location Band # Age Sex Blood Hg Feather Hg 

7/24/03 Charles River 1593-103-52 adult male 0.29 7.18 

7/18/03 Sudbury River-Heard Pond 1593-103-50 juv-fledged male 0.26 2.99 

7/22/03 Sudbury River-Heard Pond 1593-103-51 juv-fledged male 0.77 2.53 

4/23/03 Sudbury River-Macone's 1593-103-31 adult male 1.33 3.82 

6/26/03 Sudbury River-Macone's 1593-103-31R adult male 0.07 

6/26/03 Sudbury River-Macone's 1593-103-48 adult female 0.08 6.98 

5/14/03 Sudbury River-Route 117 Pit 1593-103-33 adult male 1.01 10.75 

6/10/03 Sudbury River-Route 117 Pit 1593-103-33R adult male 0.59 

6/10/03 Sudbury River-Route 117 Pit 1593-103-34 adult female 0.70 3.98 

6/20/03 Sudbury River-Route 117 Pit 1593-103-35R juvenile 0.06 

6/10/03 Sudbury River-Route 117 Pit 1593-103-35 juvenile male 0.13 

6/20/03 Sudbury River-Route 117 Pit 1593-103-36 juvenile male 0.07 

6/20/03 Sudbury River-Route 117 Pit 1593-103-37 juvenile male 0.25 

6/20/03 Sudbury River-Route 117 Pit 1593-103-38 juvenile male 0.08 

6/20/03 Sudbury River-Route 117 Pit 1593-103-39 juvenile female 0.08 

6/20/03 Sudbury River-Route 117 Pit 1593-103-40 juvenile male 0.06 

5/7/03 Sudbury-Transfer Station Pit 1593-103-32 adult female 0.78 12.44 

6/9/03 Sudbury-Transfer Station Pit 1593-103-32R adult female 0.57 

6/12/03 Sudbury-Transfer Station Pit 1593-103-41 juvenile female 0.58 

6/12/03 Sudbury-Transfer Station Pit 1593-103-42 juvenile male 0.06 

6/12/03 Sudbury-Transfer Station Pit 1593-103-43 juvenile male 0.08 

6/12/03 Sudbury-Transfer Station Pit 1593-103-44 juvenile male 0.02 

6/12/03 Sudbury-Transfer Station Pit 1593-103-45 juvenile male 0.11 

6/12/03 Sudbury-Transfer Station Pit 1593-103-46 juvenile male 0.05 

6/26/03 Whitehall Reservoir Pit 1593-103-47 adult male 0.13 

6/26/03 Whitehall Reservoir Pit 1593-103-49 adult female 0.40 

indicates a recaptured individual). 
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Appendix IV. Individual summary of georeferenced blood Hg for the Belted Kingfisher (the letter “R” at the end of the band # 

indicates a recaptured individual). 

Sample # Date Location Species Length (cm)Weight Fish Hg (ug/g, ww) Band # of associated adult 

S8-0-FWBGP003-0-030626 6/26/2003 Sudbury River-Macone's bluegill 

S8-0-FWCPP001-0-030626 6/26/2003 Sudbury Ri ver-Macone's Chain pi ckerel 

S8-0-FWCPP002-0-030626 6/26/2003 Sudbury Ri ver-Macone's Chain pi ckerel 

S8-0-FWGSP005-0-030612 6/12/2003 Sudbury-Route 117 Pit golden shiner 

S8-0-FWGSP006-0-030610 6/12/2003 Sudbury-Route 117 Pit golden shiner 

S7-0-FWBGP003-0-030609 6/9/2003 Sudbury-Transfer Stati on Pit bluegi l l 

S7-0-FWGSP001-0-030610 6/10/2003 Sudbury-Transfer Station Pit golden shiner 

S7-0-FWGSP004-0-030612 6/12/2003 Sudbury-Transfer Station Pit golden shiner 

S7-0-FWWCP002-0-030618 6/18/2003 Sudbury-Transfer Station Pit white crappie 

7.0 5.9 0.125 159310348 

9.7 7.1 0.174 159310331 

8.5 5.5 0.138 159310331 

8.2 5.4 0.120 159310333 

10.7 14.1 0.325 159310334 

9.6 17.6 0.172 159310332 

8.7 8.6 0.235 unbanded male 

10.9 13.3 0.115 unbanded male 

10.5 16.0 0.202 unbanded male 
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Mink Hg levels for the Nyanza risk assessment 

1.0 ABSTRACT 

Exposure of mink (Mustela vison) to mercury (Hg) was assessed as part of a Baseline 

Ecological Risk Assessment (BERA) to determine if Hg present in the Sudbury River below the 

Nyanza Superfund Site, in Ashland, MA, could pose a potential risk to this receptor group. 

Attempts were made to collect samples of fur, blood, brain, and liver in several reaches on the 

Sudbury River and from a local reference location. All tissue samples were analyzed for total 

Hg. 

Effect Critical Body Residues (CBRs) for Hg were derived from the literature to help 

interpret the mink tissue residue data.  The effect CBRs for Hg equaled 0.68 µg/g in blood (wet 

weight, [ww]), 4.1 µg/g in brain (ww), 20 µg/g in fur (fresh weight, [fw]), and 20 µg/g in liver 

(ww). 

Although the sample size was small, the five mink collected for this study were captured 

from areas with some of the highest potential for Hg exposure, namely Reservoir 1, Reservoir 2, 

and just upstream from the Great Meadows National Wildlife Refuge (GMNWR).  The total Hg 

concentrations in the target tissues from four of the five mink fell below their respective effect 

CBRs. The lone exceedance was observed in a mink captured from Reservoir 2 which had a fur 

Hg level of at least 58.6 µg/g (fw). 

2.0 INTRODUCTION 

A field study of Hg exposure to mink (Mustela vison) was undertaken in support of 

BERA investigations on the Sudbury River, in Massachusetts.  This river was contaminated with 

Hg released by the Nyanza Superfund Site in Ashland, MA. The U.S. Environmental Protection 

Agency (USEPA) has been performing a BERA to determine the potential risk to wildlife 

associated with residual Hg in the river.  This report describes field efforts to quantify Hg 

exposure to mink foraging along the Sudbury River downstream from the Nyanza Superfund 

Site. 

Hg is generally released into the environment in inorganic form.  This chemical is 

converted to methyl mercury (MeHg) through bacterial metabolism and other biological 

processes. MeHg is the most biologically active and toxic form of Hg. Most of the Hg in 

biological tissues is present as MeHg. 
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All tissue samples collected for this study were analyzed for total Hg. Concentrations are 

generally discussed as “Hg” throughout the report. Unless specified otherwise, it can be 

assumed that most of this Hg is present as MeHg. 

2.1 Site Background

The Nyanza Site is located in Ashland, MA, 35 km west of Boston. The Site, which 

covers about 35 acres, is situated in an industrial area 0.4 km south of the Sudbury River.  It is 

connected to the river via several surface water drainage pathways.  Several companies operated 

at this location between 1917 through 1978, producing textile dyes and dye intermediates.  Large 

quantities of waste were disposed of on-site in pits, below-ground structures, and several lagoons 

during the course of these operations. Process chemicals, including nitrobenzene, phenol, and 

mercuric sulfate, were also disposed of on-site or discharged directly to the Sudbury River.  It is 

estimated that between 45 and 57 metric tons of Hg were discharged to the Sudbury River and its 

associated wetlands during this time.  The facility was closed in 1978. 

The Site was placed on the National Priorities List (NPL) in 1982.  The USEPA has 

remediated the Site proper, and several adjacent waterways and wetlands, since that time.  

Discharge of Hg to the Sudbury River has been eliminated to the extent practicable.  Substantial 

quantities of Hg are still present in Sudbury River sediment downstream from the Site and can 

serve as a secondary source of Hg to surface water and wildlife.  This residual contamination is 

referred to by USEPA as Operable Unit IV; Hg Contamination within the Sudbury River. 

USEPA is completing a BERA to determine whether Hg in the Sudbury River has the 

potential to cause unacceptable risk to ecological receptors (primarily fish, birds, and mammals), 

and to determine if there is a need for further remediation to address such risk.  This study was 

conducted by the Biodiversity Research Institute (BRI) in support of the larger BERA effort 

being conducted by Avatar Environmental. 

2.2 Overall study design

The USEPA BERA process calls for identifying populations, species, or groups of 

species that may be adversely affected by a contaminant, in this case Hg.  These are generically 
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referred to as “ecological receptors”.  The potential for risk to these receptors is typically 

measured using several lines of evidence to help reduce the overall uncertainty inherent in the 

study of wildlife populations. Data collected from the study site are usually compared with the 

data from one or more ecologically similar “reference” locations.  This is particularly important 

for Hg studies in the Northeastern U.S. where deposition of Hg in wet and dry precipitation has 

resulted in elevated Hg in the regional environment. The CERCLA program must distinguish 

between point-source risk from a hazardous waste site and regional risk.  The design for this 

field study contained the following elements: 

x Compare Hg concentrations measured in mink tissues (blood, brain, fur, and liver) 

collected from the Sudbury River to concentrations associated with adverse effects. 

These concentrations are derived from the scientific literature and are known as effect 

CBRs. 

x Compare Hg concentrations in mink tissues collected from the Sudbury River with the 

same tissues collected from local reference locations with similar habitats. 

x Compare Hg concentrations in mink tissues collected from the Sudbury River with the 

same tissues collected in other parts of New England and eastern Canada where 

atmospheric deposition (as opposed to a distinct point source like a toxic waste site) is the 

primary source of Hg in the environment. 

3.0 PURPOSE OF MINK TASK 

Mink are particularly sensitive to Hg exposure (Thompson 1996, USEPA 1997).  Basu et 

al. (2005a) found mink to be more sensitive to Hg than mice and humans.  The objective of this 

study was to develop an Hg exposure profile based on blood, brain, fur, and liver tissue samples 

collected from mink captured in the Sudbury River watershed.  Tissue-specific effect CBRs were 

also included to estimate the potential for risk associated with the field-measured exposures.  

This profile will serve as the basis for the piscivorous mammal risk assessment task of the 

Nyanza Superfund BERA. 
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4.0 ECOLOGY OF THE MINK 

The mink is widely distributed in New England.  Its high metabolism and diet makes this 

species highly susceptible to elevated levels of environmental MeHg (USEPA 1997).  The mink 

is a carnivorous mammal that feeds on various aquatic and semi-aquatic biota including fish, 

crayfish, amphibians, snakes, muskrats, and small mammals.  Most dietary studies have found 

that fish and crayfish are the dominant food items during the spring, summer, and early fall 

months (DeGraaf and Rudis 1986). Mink restrict their foraging to borders of ponds, lakes, 

streams, and forested wetland habitats.  The mink has been frequently used as an indicator of 

ecological risk for sediments contaminated with bioaccumulative substances because it is an 

upper trophic level aquatic predator common to freshwater systems.  It was also selected as a 

representative mammal piscivore for the BERA because it was known to forage within the 

Sudbury River drainage. 

5.0 CRITICAL BODY RESIDUES FOR MINK 

Laboratory-based, dose-response studies with mink have shown that mortality occurs 

when total Hg concentrations reach 20 µg/g in the liver (Wobeser and Swift 1976), and 11.9 µg/g 

in the brain (Wobeser et al. 1976).  Much of the comparative literature on mink is based on liver 

total Hg levels (Table 1). However, because much of the Hg in the liver is demethylated 

(Scheuhamer et al. 1998), the available toxicity of Hg is best measured in the brain, fur, or 

muscle tissue; the brain is a particularly relevant tissue in mink as Hg is known to negatively 

alter neurochemical receptor-binding characteristics (Basu et al. 2005b).  Effect CBRs, based on 

negative alterations to the brain’s cholinergic system from a mink dosing study, are 0.68 µg/g in 

the blood and 4.1 µg/g in the brain (Basu et al. 2006). 
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Table 1. Background concentrations of total Hg (µg/g, ww) in wild mink captured at various study sites in 

North America.  All values in parentheses are ranges; single values are arithmetic means.  Studies are 

sorted by site. 

Site Sample Size Muscle Brain Liver Kidney Fur Source 

Connecticut 8 - - (1.1-8.5) - - Major and Carr 1991 

Massachusetts 4 - - (0.01-1.9) - - Major and Carr 1991 

0.55 1.64 20.92 
Maine 92 - - Yates et al. 2004 

(0.1-2.6)  (0.1-8.0) (1.8-68.5) 

New York 60 - - (0.25-7.66) - - Foley et al. 1988 

Ohio - - - 0.1 - - Lynch 1973 

Ontario 94 
(0.01-

4.1) 
(0.3-0.7) (0.01-7.5) (0.1-5.5) Wren et al. 1985 

Ontario 
316 (liver) 

39 (fur/brain) 
0.96 3.71 30.1 Fortin et al. 2001 

Quebec - 1.9 0.8 9.2 
Desai-Greenway & 

Price 1976 
2.4 

8.3 
Quebec - (0.41-

6.2) 
-

(2.2-20.0) 
- - Langis et al. 1999 

Wobeser  and Swift 
Saskatchewan 1 - - 58.2 31.9 -

1976 

Wisconsin 39 1.3 0.5 2.1 2.3 7.6 
Sheffy & St. Amant 

1982 

An Ontario study considered otter populations to have reduced survivorship in high-Hg 

areas (defined as areas in which otters had > 20 µg/g of Hg in their fur) (Mierle et al. 2000). 

Even though Foley et al. (1988) considered that such Hg exposure in New York otter and mink 

populations did not pose a serious risk, Halbrook et al. (1994) concluded that similar Hg 

exposures in mink and otter populations from Georgia were associated with adverse effects. 

Although dosed individuals with far lower fur Hg levels of 1.2 to 1.7 µg/g have been shown to 

exhibit ataxia, anorexia and paralysis (Aulerich et al. 1974, Wobeser et al. 1976), these studies 

did not account for the time needed for a new pelage molt which would incorporate new Hg-

laden hairs. Hence, these types of data were not considered when deriving the effect CBR for 

fur. 

Mink dosing studies have found that 20-30 µg/g of total Hg in the liver has sublethal 

(Wren et al. 1987) and lethal effects (Wobeser et al. 1976).  Unlike blood, brain and fur tissues, 

the value of total Hg measurements in the liver is compromised by the lower proportion of 

MeHg. Also, a non-linear relationship exists between total Hg and MeHg levels in liver 
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(Scheuhammer et al. 1998).  Therefore, a CBR based on a total Hg value in liver is not as 

instructive as other tissue Hg levels. 

6.0 STUDY AREA AND METHODS 

6.1 Study area

Table 2 summarizes the locations (by reach) on the Sudbury River and at reference sites 

where mink trapping was attempted in support of the BERA  

Table 2: Mink tissue sampling locations on the Sudbury River and nearby reference locations 

Reach 

No. Description 1 Description 2 Comment 

Sampled 

for Mink? 

Tissues 

collected? 

SITE-IMPACTED LOCATIONS 

1 Sudbury River - upstream from Site N -

2 Sudbury River Mill Pond next to Site N -

3 Sudbury River Reservoir 2 lobes 1, 2, and 3 Y Y 

4 Sudbury River Reservoir 1 - Y Y 

5 Sudbury River - free flowing Y Y 

6 Sudbury River Saxonville Res. - N -

7 Sudbury River - free flowing; Heard Pond Y Y 

8 Sudbury River Great Meadows extensive wetlands Y N 

9 Sudbury River Fairhaven Bay natural embayment N -

10 Sudbury River - confluence Assabet River N -

REFERENCE LOCATIONS 

- Sudbury Reservoir - - Y N 

The Sudbury River is about 42 km long.  Along this length are numerous habitat types, 

including impoundments, urban free-flowing reaches, and reaches with extensive bordering 

wetlands (Appendix 1). The study design focused on particular areas of the Sudbury River, and 

associated reference areas. The Sudbury River was divided into ten numbered reaches (reach 1 

through 10) in support of the BERA (see Table 2), most of which are defined by impoundments, 
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significant narrowing at road crossings, or significant changes in habitat type.  The reaches 

sampled for this study are described in this section. 

Reservoir 2, located in Ashland and Framingham, MA, is the first significant 

impoundment downstream of the Nyanza Site.  It is referred to as “reach 3” in the BERA.  This 

is a 54.2 ha back-up drinking water reservoir constructed in 1878, and last used for drinking 

water around 1931. Reservoir 2 is divided into three sequential lobes.  The upstream lobe is the 

small, shallow area where the River first flows into the Reservoir at Union Street in Ashland. 

This first lobe ends at a railroad crossing, where the second lobe begins and is depicted as a long 

and narrow waterway. A road crossing divides the second from the third lobe.  The latter is 

much wider, and contains the deepest portion of the Reservoir (about 6.1 m).  Reservoir 2 ends at 

a dam, where the water flows into Reservoir 1.  Land use in the vicinity of Reservoir 2 is 

primarily suburban residential, with a narrow buffer of mixed hardwood forest along portions of 

the Reservoir’s edge. 

Reservoir 1 receives water from Reservoir 2, and indirectly from the Sudbury Reservoir 

(from the northwest).  It is referred to as “reach 4” in the BERA.  This reservoir, which covers 

about 62 ha, is also part of a back-up water supply system, with a maximum depth of 4.9 m. 

Reservoir 1 ends at the Winter Street Dam in Framingham, 

The Sudbury River continues through Framingham in a meandering, free-flowing 

fashion. Reach 5 is represented by this stretch of river.  The first half mile of reach 5, just below 

the Winter Street Dam, was included in this study.  

The Sudbury River becomes reach 7 after passing the Saxonville Dam.  This stretch of 

river is also free flowing, and passes next to Heard Pond, which is connected to the river by a 

narrow, quarter-mile long channel. 

Reach 8 encompasses the Great Meadows National Wildlife Refuge, which includes over 

3,600 acres of wetlands managed by the U.S. Fish and Wildlife Service primarily as habitat for 

migratory birds.     

The Sudbury Reservoir and its outflow, both of which are located less than 2 miles 

upgradient from and to the northwest of Reservoir 1, were included as reference habitats in the 

sampling program.  
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6.2 Methods for live trapping 

Traps were placed in reaches 3, 4, 5, 7, and 8 and on the Sudbury Reservoir where 

sightings of mink have been recorded, where 

anecdotal information suggested their 

presence, or where suitable trapping 

locations were identified (Appendix 2 and 

3; Figure 1). A total of 45 traps were 

deployed in the study area. The total 

number of traps available at any one time 

varied because of heavy rains washing traps 

away or submerging them for extended 

periods of time.  

Figure 1. Mink trap camouflaged on Sudbury 

River, 2003 

Mink were captured alive during the fall of 2003 to avoid catching females with their 

young in the summer. Live box traps were used instead of leg-hold traps because of state 

regulations that ban leg-hold traps. Traps were set along waterways using different types of baits 

and attractants to help lure the animals. Traps were covered with leaf litter and dirt for 

camouflage (Figure 1), they were checked in the early morning to avoid holding the animal in 

the trap during the day. 

6.3 Tissue selection

Each tissue type provides different information.  Hg levels in fur are an indicator of long-

term body burden.  Organs generally demethylate Hg and may not provide an accurate 

assessment on current exposure to the individual.  Sampling certain tissues, such as muscle or fur 

(since fur would likely reflect remobilization of MeHg in the muscle) can provide better insights 

into the lifetime body burden for the animal. Liver tissues were collected because the 

comparative literature is biased towards this tissue (Table 1). 
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6.4 Sample collection and processing 

Once the animal was caught, it was taken out of the field where tranquilizers were 

administered to calm the animal during the tissue sample collection.  The animals were injected 

with a mixture of Ketamine (2.5 mg/kg) and Medetomidine (0.025 mg/kg).  Atipamezole (0.100 

mg/kg) was used as an antiseden to the Medetomidine.  The animals were anesthetized for no 

more than 30 minutes before given the antiseden.  Following sedation, mink were removed from 

the catch box and placed upon a padded blanket where the sampling of tissue (blood and fur) and 

basic measurements (weight and length) were collected.  A small patch of fur was clipped from 

the area just above the hind foot. Using a 21-gauge needle and a green top-heparinized 

vacutainer, about 7 cc of whole blood was drawn from the jugular vein or the brachial vein. 

After measurements and sampling, the animal was placed back into the catch box and 

administered the antiseden, Atipamezole (0.10 mg/kg).   

Mink fully recovered within 5 to-10 minutes of receiving the injection of Atipamezole 

(Figure 2). Individuals were kept overnight to monitor health irregularities and were then 

released the following morning at the trapping site. 

Blood samples were frozen immediately upon collection; fur samples were refrigerated. 

Two animals died as a result of trapping.  Other animals had trauma to their teeth and mouth. 

Brain, liver tissue, and the lower jaw were removed from the two dead animals using stainless-

steel instruments and placed into 

sterilized I-Chem® jars and frozen.  

A canine tooth was sent to the 

Matson’s laboratory in Milltown, 

Montana to age both individuals. 

Fur was taken from the foot of the 

animals using stainless-steel 

instruments, cleaned, and placed 

into sealed envelopes. 

Figure 2. Mink waking after sampling procedure. 
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6.5 Sample analysis

Blood, fur, brain, and liver tissues were analyzed for total Hg using the Cold Vapor 

Atomic Absorption (CVAA) method.  The chemical analyses were conducted by the Brooks 

Rand Laboratory, located in Seattle Washington. Total Hg results are reported as fw for fur, and 

ww for blood, liver, and brain. 

6.6 Data preparation and statistical analysis 

Statistical analysis could not be performed on the available data due to the small sample 

size. All averages are arithmetic means unless otherwise stated.   

7.0 RESULTS AND DISCUSSION 

7.1 Summary of sampling effort 

Five mink were captured in 2003 along the Sudbury River , but none were captured at the 

reference location (Sudbury Reservoir).  Six fur samples (two samples were collected from the 

same animal), four blood samples (one mink was dead and blood could not be taken), two brain, 

and two liver samples were analyzed.  

Mink fur Hg concentrations ranged from 1.2 ppm to 58.6 ppm (Table 3). The fur Hg 

level from the mink captured on Reservoir 2 exceeded both the effect CBR for fur and the 

background concentrations reported from other studies across North America (Table 1). Fur Hg 

levels reflects the total body burden bioaccumulated over time, particularly for individuals with 

high exposure. Consequently, the animal’s age may be a confounding factor in interpreting fur 

Hg results. Mierle et al. (2000) found that Hg levels in the fur of otters changed with age.  The 

concentrations increased during the first four years, decreased for three to four years afterwards, 

and then increased again over the rest of the animals’ lives.  It is not known if mink follow 

similar patterns. 

Brain and liver Hg levels in the two juvenile mink that died in a trap were below the 

effect CBR; both animals were young of the year.  The mink at Reservoir 2 had blood and fur Hg 
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levels that were 5 and 17 times higher than the mean levels of the other four mink; however, only 

1
its fur Hg level exceeded the effect CBR .


Table 3. Results of mink Hg levels (µg/g, ww) in 2003 with associated effect CBRs. 

River 

Trapping Site Reach Age Sex Blood Fur Brain Liver 

Effect CBRs (0.68 ) (20) (4.1) (20-30) 

Reservoir # 2-Framingham 3 >1 yr Female 0.177 58.62 - -

Reservoir # 1-Framingham 4 >1 yr Male 0.046   1.2 - -

Sudbury River1 5 <1 yr Male 0.008   4.4 0.12 1.13 

Sudbury River1 5 <1 yr Female -   6.2 0.22 1.21 

Sudbury River 7 >1 yr Female 0.093   1.7 - -
1 
Young-of-the-year died in trap. 

2 
Fur sample was at least 58.6 ug/g (fw). Actual value most likely underestimated because of lab sample preparation error.  

7.2 Geographic comparison 

Comparing the tissue residue levels measured in the five mink trapped along the Sudbury 

River against a large sample from Maine indicates that the Sudbury River mink had lower mean 

liver, fur, and brain Hg levels than the Maine mink (Table 4). The Maine dataset was based on 

carcasses opportunistically collected across the state.  The mink Hg levels in Maine are not 

driven by waterborne point sources, but instead reflect long-range transport of atmospherically 

deposited Hg. 

Table 4. Geometric mean +/- standard error (SE) of Hg levels in blood, brain, liver, and fur (µg/g) from 

mink sampled in Maine and the Sudbury River watershed. 

State/Tissue N Geomean SE Range 

Sudbury River Watershed 

Blood 4 0.08 0.07 0.01-0.18 

Brain 2 0.17 0.07 0.12-0.22 

Liver 2 1.17 0.06 1.13-1.21 

Fur 5 14.40 24.80 1.23-58.60 

Maine 

Blood 1 0.42 - -

Brain 92 0.57 0.45 0.11 - 2.55 

Liver 92 1.76 1.49 0.16 - 8.03 

Fur 92 20.69 12.76 1.78 - 68.50 

1 
A lab discrepancy compromised this sample and the actual value is higher than stated. 
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Mink sampled from the Sudbury River watershed had a mean fur Hg level that tended to 

be higher than those measured in New Hampshire or Nova Scotia, but lower than those measured 

in Maine and Ontario (Figure 3). 

The mink with the elevated fur 

Hg level on Reservoir 2 greatly 

influenced the variability for the 

Sudbury River site. A 

comparison with the other 

states/provinces indicated that 

this individual mink was 

noteworthy.

    Figure 3. Mean fur Hg concentrations, in Mink, from five      
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8.0 CONCLUSIONS 

Specific conclusions based on the mink tissue sampling effort are as follows: 

x	 The fur, brain, and liver Hg levels measured in mink captured from areas in Maine and 

Ontario affected by atmospherically-deposited Hg were generally higher than the levels 

measured in mink captured along the Sudbury River downstream from the Nyanza Site. 

x	 Mink tissue (blood, brain, liver, and fur) Hg levels did not exceed effect CBRs for all 

four tissues, except for fur from the one mink trapped along Reservoir 2.   

x	 The measured tissue Hg levels in the mink captured along the Sudbury River were 

generally one order of magnitude lower than the literature-derived effect CBRs. 

The small sample size prevented making strong conclusions.  In addition, several 

confounding variables, such as diet, foraging location, and age, also increased the uncertainty of 

the limited  data set. For example, it is not known if the diet of the mink trapped for this study 

were based on fish or other aquatic organisms from the target water bodies, or was more 

reflective of terrestrial foraging.  The age cohort of our sampling effort could make our 
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assessment of risk conservative.  Because Hg bioaccumulation varies with age, the sampling of 

young-of-the-year (n=2) and older individuals of unknown age (n=3) may not encompass the 

potential exposure and risk levels in older individuals. 
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Appendix 1. Mink sampling sites for Nyanza, 2003.  
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Appendix 2. Mink trap locations and captures for Sudbury River, 2003. 
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Appendix 3. Mink trap locations and captures for Reservoir 1 and 2, 2003. 
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Appendix 4. Mink trap locations and captures for Sudbury Reservoir, 2003. 

BioDiversity Research Institute A.IV-1 



Mink Hg levels for the Nyanza risk assessment 

Appendix 5. Summary of Mink capture locations and Hg sampling efforts. 

Nyanza mink/fisher capture locations, 2003 

Sample # Site Trap # Latitude Longitude Blood Hg 

S7-MBMI001-0-031018 Heard Pond 11 42.34931767 -71.38063618 0.093 

S4-MBMI004-0-031025 Reservoir 1 22 42.28462815 -71.45241209 0.046 

S4-MBFI001-0-031111 Reservoir 1 28 - Fisher 42.29113519 -71.44166716 0.0056 

S4-MBMI003-0-031011 Reservoir 1 33 42.28976727 -71.43850216 0.0078 

S3-MBMI001-0-031018 Reservoir 2 38 42.25824058 -71.45295390 0.177 

Sample # Site Tag # Age Sex Tissue % Solids Result ppb dw ppb ww ppm ww Hg 

S3-0-MBMI001-0-031018 Reservoir 2 8556 adult female blood 177 0.177 

S7-0-MBMI001-0-031018 Sudbury River 8598 adul female blood 93.3 0.093 

S4-0-MBMI004-0-031025 Reservoir 1 8597 adult male blood 45.5 0.0455 

S4-0-MBMI003-0-031011 Reservoir 1 8532 juvenile male blood 7.75 0.00775 

S4-0-MRMI001-0-031112 Reservoir 1 juvenile female brain 20.9 1026.743075 215 0.215 

S4-0-MRMI002-0-031011 Reservoir 1 8532 juvenile male brain 21.2 556.0791706 118 0.118 

S3-0-MFMI001-0-031018 Reservoir 2 8556 adult female fur 58647 58.65 

S7-0-MFMI001-0-031018 Sudbury River 8598 adult female fur 1673 1.67 

S4-0-MFMI004-0-031025 Reservoir 1 8597 adult male fur 1228 1.228 

S4-0-MFMI002-0-031112 Reservoir 1 juvenile female fur 6224 6.224 

S4-0-MFMI003-0-031011 Reservoir 1 8532 juvenile male fur 18319 18.32 

S4-0-MFMI001-0-031011 Reservoir 1 8532 juvenile male fur 4390 4.39 

S4-0-MLMI001-0-031112 Reservoir 1 juvenile female liver 28.7 4226.876091 1211 1.211 

S4-0-MLMI002-0-031011 Reservoir 1 8532 juvenile male liver 31.1 3627.009646 1128 1.128 

S4-0-MBFI001-0-031111 Reservoir 1 Fisher adult blood 5.11 0.0051 

S4-0-MFFI001-0-031111 Reservoir 1 Fisher adult fur 533 0.533 
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FEDERALLY LISTED ENDANGERED AND THREATENED SPECIES

IN MASSACHUSETTS 

Only Plymouth Count y has federally-designated Critical Habitat in Massac husetts. The 

following are federally-listed species b y count y: 

Common Name Species Status County/General Distribution 

Shortnose sturgeon 
1 

Acipenser brevirostrum E 
Atlantic coastal waters and 

Connecticut and Merrimack Rivers  

Eastern cougar 
Felis concolor couguar 

E Entire state/historic 

Indiana bat Myotis sodalis E Berkshire/historic 

Bald eagle 
Haliaeetus leucocephalus 

D
2 

Barnstable, Berkshire, Essex, 

Franklin, Hampden, Hampshire, 

Plymouth, Worcester 

Piping plover Charadrius melodus T 

Nesting: Barnstable, Essex, 

Plymouth, Dukes, Nantucket, Bristol 

(coastal beaches only) 

Migratory: Atlantic Coast 

Roseate tern Sterna dougallii dougallii E 

Nesting: Barnstable, Plymouth, 

Dukes (coastal islands) 

Migratory: Atlantic Coast 

Bog turtle Clemmys muhlenbergii T Berkshire 

Dwarf wedgemussel Alasmidonta heterodon E 
Hampshire, Franklin  (Connecticut 

River watershed) 

Puritan tiger beetle Cicindela puritana T 
Hampshire (Connecticut River 

floodplain) 

Northeastern beach tiger 

beetle 
Cicindela dorsalis dorsalis T 

Barnstable, Duke (coastal beaches 

only) 

American burying beetle Nicrophorus americanus E 

Dukes, Nantucket (Penikese & 

Nantucket Isl.) 

reintroduced populations 

Small whorled pogonia Isotria medeoloides T 
Hampshire, Essex, Hampden, 

Worcester, Middlesex 

Sandplain gerardia Agalinus acuta E Barnstable, Duke 

Northeastern bulrush Scirpus ancistrochaetus E Franklin 

1 
Principal responsibility for this species is vested with the National Marine Fisheries Service. 

2 
Delisted. Protected under the Bald and Golden Eagle Protection Act and the Migratory Bird Treaty Act. 

9/27/2007 
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PROPOSED STATISTICAL ANALYSIS OF WHOLE FISH 
TOTAL MERCURY RESIDUE DATA IN SUPPORT OF 

THE NYANZA OPERABLE UNIT IV (SUDBURY RIVER) 
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(INTERIM DELIVERABLE) 



175 Cabot Street, Suite 415 
Lowell, MA 01854-3650 

978-275-9730  
978-275-9489 FAX 
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       July  13,  2006  

Office of Environmental Measurement and Evaluation 

US EPA - Region I 

11 Technology Drive 

North Chelmsford, Massachusetts 01863


To: Mr. Bart Hoskins, EPA TOPO 

Via: Mr. Louis Macri, ESAT Program Manager 


TDF No. 138 B 

Task Order No. 06 

Task No. 01 


Subject: Proposed Statistical Analysis of Whole Fish Total Mercury Residue Data in Support of the 

Nyanza Operable Unit IV (Sudbury River) Baseline Ecological Risk Assessment (Interim Deliverable).


Dear Mr. Hoskins: 

The Environmental Services and Assistance Team (ESAT) prepared total mercury (TotHg) tissue 
residue datasets for four fish species groups (sunfish [pumpkinseeds and bluegills combined], bullheads 
[yellow and brown bullheads combined], yellow perch, and largemouth bass) collected from the Sudbury 
River. In addition, the review suggested performing a one-way Analysis of Variance (ANOVA) on those 
data in support of the Baseline Ecological Risk Assessment (BERA) to determine if significant intra
species differences in TotHg residue exist across sampling locations.    

The task was requested by Mr. Bart Hoskins, the Task Order Project Officer (TOPO), and was 
authorized under Technical Direction Form (TDF) No. 138 B.  The whole fish TotHg datasets are provided 
as an interim deliverable.  The bird tissue datasets will be provided to the TOPO on July 19, 2006, which 
is the completion date for this task. 

Should you have any questions or comments, please do not hesitate to contact Stan Pauwels at 
(617) 918-8669 located at the EPA/OEME Biology Section, North Chelmsford, MA. 

        Sincerely,

        Stan  Pauwels
        Senior Staff Scientist 
        TechLaw,  Inc.  
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1.0 GENERAL INTRODUCTION

On June 14, 2006, the Environmental Protection Agency (EPA) issued Technical Direction Form 
(TDF) No. 138 B, requesting that the Environmental Services Assistance Team (ESAT) suggest statistical 
analyses that should be performed on fish and bird Hg tissue residue data collected for the Nyanza 
Operable Unit (OU) IV in support of a Baseline Ecological Risk Assessment (BERA).  The available data 
consisted of mercury concentrations measured in four species of fish (sunfish, yellow perch, bullheads, 
and largemouth bass), and in blood, feather, and egg samples collected from marsh birds and hooded 
mergansers. 

The Task Order Project Officer (TOPO) requested that the fish datasets be provided as an interim 
deliverable prior to the July 19 completion date in order to proceed in a timely fashion with the proposed 
statistical analysis of the fish tissue residue data.    

The Nyanza Superfund Site (the Site) was occupied from 1917 through 1978 by several 
companies which manufactured textile dye intermediates, colloidal solids, and acrylic polymers.  Over the 
decades, large volumes of chemical wastes (e.g., partially-treated process water, chemical sludges, solid 
process wastes, solvent recovery distillation residue, various chemicals, and off-specification products) 
were disposed of in pits, below-ground containment structures, and lagoons scattered throughout the 
Site. Mercury (Hg) was one of the compounds used as a catalyst to produce textile dyes.  Between 1940 
and 1970, it is estimated that 45 to 57 metric tons of Hg were released from the Site into the nearby 
Sudbury River. 

Regulatory concerns at the Site started in 1972.  In 1982, the Site was placed on the National 
Priorities List (NPL) by the U.S. EPA.  Site investigations have been on-going since that time.  These 
studies determined that large sections of the Sudbury River between the Site and its confluence with the 
Assabet River (about 26 miles) were contaminated with Hg at levels of concern to ecological receptors 
and human health.  This conclusion resulted in additional field work starting in 2003 to better quantify the 
potential for ecological risk to aquatic, semi-aquatic, and terrestrial receptors. 

This technical memorandum is organized as follows: Section 2 describes the steps taken to 
finalize the whole fish total mercury (TotHg) datasets, Section 3 describes the statistical analysis to be 
performed on those data, and Section 4 provides a summary and conclusions. 

2.0 PREPARING THE TotHg FISH TISSUE RESIDUE DATA FOR STATISTICAL ANALYSIS 

2.1 Introduction: 

Fish sampling efforts in support of the Nyanza BERA focused on collecting two size classes (A = 
5-9.9 cm and B = 10-14.9 cm) of sunfish (consisting of pumpkinseed, Lepomis gibbosus, and bluegill, 
Lepomis macrochirus, combined), four size classes (A = 5-9.9 cm, B = 10-14.9 cm, C = 15-19.9 cm, and 
D = > 20 cm) of yellow perch (Perca flavescens), adult bullheads (brown bullhead, Ictalurus nebulosus, 
and yellow bullhead, Ictalurus natalis, combined), adult white suckers (Catostomus commersoni), and 
adult largemouth bass (Micropterus salmoides). 

Attachment 1 summarizes the number of available fish by species group, size class, and 

Sudbury River reach or reference location.  Several observations can be made:


x	 White suckers were only caught in reaches 1 and 2.  This species was removed from further 
consideration and were excluded from Attachment 1. 

x	 Brown and yellow bullheads were collected from all of the Sudbury River reaches and at the two 
reference locations (Charles River and Sudbury Reservoir).  The whole fish residue data from both 
species were combined because not enough specimens were collected from each species in each 
reach to assess their residue data separately. 
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x	 Largemouth bass were collected from all of the Sudbury River reaches and at the two reference 
locations. 

x	 Size class A sunfish were collected from all of the reaches, except Heard Pond in reach 7.  On the 
other hand, insufficient or no size class B sunfish were collected from reaches 2, 3, 4, 7, and 10, and 
the two reference locations. 

x	 Significant data gaps existed for the two smallest yellow perch size classes.  Sufficient size class A 
yellow perch were collected only from Heard Pond and outside of Heard Pond in reach 7, and in 
reach 8.  Insufficient or no size class B yellow perch were collected from reaches 1, 5, and 6.  

The fish samples summarized in Attachment 1 form the basis for two general analyses in 
support of the BERA: (1) using Analysis of Variance (ANOVA) to determine if intra-species whole fish 
TotHg levels differ significantly across the Sudbury River reaches and reference locations, and (2) 
comparing the TotHg residue levels measured in the various fish species to a Critical Body Residue 
(CBR).   

The remainder of this technical memorandum explains the statistical manipulations which were 
required to develop the whole fish TotHg datasets for use in the proposed ANOVA and the CBR 
comparison.  

2.2 Developing whole fish TotHg residue datasets 

Three different types of fish samples were obtained from the 11 Sudbury River reaches and the 
two reference locations.  Those samples represented the following tissue types: 

x	 whole fish: sunfish (size classes A and B), yellow perch (size classes A, B, and C), and a handful 
of bullheads were analyzed as whole fish. 

x	 fillet and offal: About 30% of all of the largemouth bass, bullheads, and size class D yellow perch 
were analyzed as fillet and offal.  Both tissue types were weighed separately before they were 
processed for chemical analysis to allow for the calculation of reconstructed whole fish TotHg 
concentrations. 

x	 fillet only: About 70% of all of the largemouth bass, bullheads, and size class D yellow perch 
were analyzed as fillet only.  The fillets and the whole fish were weighed separately before the 
fillets were processed for chemical analysis to allow for the calculation of reconstructed whole fish 
TotHg concentrations.    

The goal of the data consolidation process discussed below was to use all of the available tissue 
residue data to generate species and sampling location-specific whole fish TotHg datasets. 

The whole fish residue data were already in the required format.  The challenge was to convert 
the fillet and offal, and fillet-only TotHg concentration data into whole fish TotHg concentration data.  The 
following steps were used to achieve this goal. 

2.2.1 Step 1: Retrieving all of the available tissue residue data from the Access database 

The Access database prepared by Avatar Environmental was queried to obtain all of the available 
fish tissue residue data by species, size class, and sampling location.  The datasets were first organized 
by species, then by sampling location within species (reach 1, 2, 3, …), and finally by sample identifier.  
The 11 Sudbury River reaches and the two reference sites were considered as individual exposure units.  

The data were stored in spreadsheet tables containing the following information: (a) sample 
identifier, (b) sampling location (Nyanza River reach or reference site), (c) fish species, (d) medium 
(whole fish, fish offal, or fish fillet), (e) fish length, (f) fish weight, (g) sample weight, (h) fish age, (i) TotHg 
concentration (ug/kg, wet weight), and (j) methylmercury (MeHg) concentration (ug/kg, wet weight).       
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2.2.2 Step 2: Calculate reconstructed whole fish TotHg concentrations    

TotHg concentration data were available for both fillet and offal samples from bullheads, 
largemouth bass, and size class D yellow perch collected at all of the sampling locations.  For each fish, 
the weight-normalized fillet and offal TotHg residue data were combined to calculate the reconstructed 
whole fish TotHg concentration.  The following procedure was used to achieve this goal: 

x For both the fillet and offal sample, the reported TotHg concentration was converted from ug/kg to 
ug/sample weight. 

x These two values were summed to obtain TotHg concentration per fish (ug/whole fish). 

x The weight for the whole fish was used to convert the TotHg concentration from ug/whole fish to 
ug/kg fish. 

2.2.3 Step 3: Determine the relationship between TotHg concentrations in fillet versus 
reconstructed whole fish 

The TotHg levels measured in fillets could not be compared directly to the TotHg levels in whole 
fish because TotHg in fillets was typically higher than that measured in whole fish.  Instead, a linear 
regression analysis was performed on the data generated in Step 2 to determine if a significant 
relationship existed between the TotHg concentrations in fillet versus TotHg concentrations in 
reconstructed whole fish. 

The outcome of this analysis is shown in Figure 1 for largemouth bass, yellow bullhead, brown 
bullhead, and size class D yellow perch.  A highly significant relationship was found between these two 
variables for all four fish species.  The species-specific linear regression equations were as follows: 

2x largemouth bass: y = -9.70 + 0.70(x) (r  = 0.97; p < 0.0001) 

x yellow bullhead: y = 26.91 + 0.578(x) (r
2
 = 0.93; p < 0.0001) 

x brown bullhead: y = -0.99 + 0.6733(x) (r
2
 = 0.94; p < 0.0001) 

x yellow perch (size class D): y = 19.72 + 0.61(x) (r
2
 = 0.94; p < 0.0001)  

where: x = TotHg concentration in fillets 
y = TotHg concentration in reconstructed whole fish 

A linear regression equation was developed for each bullhead species and used to calculate 
whole fish TotHg concentrations based on species-specific fillet data (see Step 4 below). The whole fish 
values where then combined across the two bullhead species for use in the ANOVA.   

2.2.4 Step 4: Estimate whole fish TotHg concentrations in fish for which only fillet data are 
available 

The species-specific regression equations developed in step 3 were used to derive whole fish 
TotHg concentrations for those fish for which only fillet TotHg data were available. 

2.2.5 Step 5: Assess the relationship between fish length and whole fish TotHg 

Based on the approach outlined in Steps 1 through 4, the TotHg concentrations in all of the fish 
analyzed as fillet and offal, or as fillet only, were converted into whole fish TotHg.  An additional check 
was required before submitting the datasets for ANOVA.  It was crucial to determine if the whole fish 
TotHg levels (whether derived from analyzing whole fish, fillet and offal, or fillet only) were influenced by 
fish size.  Hg is known to accumulate rapidly as fish increase in size (i.e., as fish age).  Intra-species 
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differences in whole fish TotHg concentrations across sampling locations could therefore result from two 
independent factors: (a) differences in exposure regimes, or (b) differences in fish length. 

 Regression analysis was used to investigate the possible effect of fish length on whole fish 
TotHg concentration in order to support valid intra-species comparisons across sampling locations.  This 
analysis was relatively straightforward for the bullheads and largemouth bass because those fish were 
represented exclusively by “adult” sizes.  This was not the case for yellow perch which included a wide 
range of sizes (from <10 cm up to 30 cm) spanning up to 10 year classes.  In addition, size class A yellow 
perch were missing from most of the sampling locations (see Attachment 1). The original plan had been 
to use size class A sunfish as substitutes. 

An initial analysis combined the TotHg concentrations measured in size class A sunfish with that 
measured in size classes B, C, and D yellow perch.  This approach yielded only weak to non-significant 
regressions.  The plots indicated that TotHg in the size class A sunfish were on average equal to or 
higher than those measured in size class B or even size class C yellow perch.  An obvious increase in 
whole fish TotHg concentration also occurred in size class D yellow perch, presumably because larger 
perch become increasingly more piscivorous.  

It would have been incorrect to conclude that the lack of strong correlation across the four size 
classes indicated that length had no effect on TotHg in yellow perch.  Instead, the evidence indicated that: 
(a) size class A sunfish were not appropriate surrogates for the missing small size class A yellow perch, 
and (b) TotHg levels remained relatively constant in the size class B and C yellow perch.  The decision 
was therefore made to focus the regression analysis on the two largest size classes of yellow perch to 
determine if TotHg concentrations were affected by length. 

Figure 2 (largemouth bass), Figure 3 (bullheads), and Figure 4 (yellow perch) provide the 
results of the length versus whole fish TotHg regression analyses.  Only the significant regressions were 
included in those figures.    

The results can be summarized as follows: 

x Largemouth bass: Significant regressions between length and whole fish TotHg concentration 
were identified in reaches 2, 3, 6, 7, 7 (Heard Pond), 8, 9, 10, and the Sudbury Reservoir. 

x Bullheads: Significant regressions between length and whole fish TotHg concentration were 
observed only in reach 7 (Heard Pond) and the Sudbury Reservoir. 

x Yellow perch:  Significant regressions between length and whole fish TotHg concentration were 
observed in reaches 1, 2, 3, 4, 5, 6, 7, 7 (Heard Pond), 8, 9, 10, and the Charles River. 

2.2.6 Step 6: Normalizing whole fish TotHg to a standard fish size 

The significant regressions identified in Step 5 required that the species-specific TotHg 
concentrations for individual fish at many of the sampling locations be normalized to a standard fish size.  
This standard size must fall within the range of data points used in the regression analyses.  The 
standard largemouth bass size was set at 37 cm, the standard bullhead size was set at 28 cm, and the 
standard yellow perch size was set at 20 cm.  If no significant regression was found between length and 
TotHg concentration for a particular fish species at a given sampling location, then all of the whole fish 
TotHg values for that species at that location were kept un-standardized for use in the ANOVA.    

The following procedure was used to achieve size normalization for each fish at each sampling 
location where a significant regression existed between length and whole fish TotHg. 

(1) 	 The whole fish TotHg concentration was calculated based on the species- and sampling location-
specific regression equations provided in Figures 2 to 4. 

(2) 	 The original whole fish TotHg concentration was subtracted from the estimated whole fish TotHg 
concentration (note: the result was a negative value if the original TotHg concentration fell below 
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the regression lines shown in Figures 2 to 4; the result was a positive value if the original TotHg 
concentration fell above the regression lines shown in Figures 2 to 4). 

(3) The sampling location-specific regression equations provided in Figures 2 to 4 were used to 
calculate the whole fish TotHg concentration of a standard size fish (x = 37 cm for largemouth 
bass, x = 28 cm for bullhead, and x = 20 cm for yellow perch).  

(4) The whole fish TotHg normalized to the standard size fish was calculated by adding the value 
obtained in (2) to the value obtained in (3).     

2.3 Final whole fish TotHg datasets 

Following the data manipulations described in Section 2.2, a final whole fish TotHg concentration 
dataset was assembled for each combination of fish species and sampling location.  These data are 
presented in Attachments 2 to 5. In addition, Figure 5 plots the average whole fish TotHg concentration 
by species across the 13 sampling locations. 

3.0 STATISTICAL ANALYSIS OF THE FINAL WHOLE FISH TotHg CONCENTRATION DATASETS 

The purpose of the statistical analysis of the fish residue data is to determine if and where intra
species whole body TotHg concentrations differ across the 13 sampling locations.  The analysis should 
consist of a one-way ANOVA with whole fish TotHg concentration as the dependent variable, and 
sampling locations as the independent variable.  If any of the ANOVAs identify significance, then pair
wise comparisons should be performed to determine at which locations whole fish TotHg differ from each 
other. 

It is not recommended to compare whole fish TotHg concentrations across species within 
sampling locations because the four fish species differ greatly in size. 

4.0 SUMMARY AND CONCLUSIONS 

ESAT retrieved from the Nyanza Access database all of the fish TotHg tissue residue data 
collected from the 11 reaches of the Sudbury River and two reference locations.  The residue data 
represented whole fish, fillet and offal, and fillet only. The data manipulations consisted in turning all of 
the fillet and offal data, and the fillet only data, into whole fish TotHg concentrations.  For each species 
and sampling location, it was then necessary to determine if a relationship existed between length and 
whole fish TotHg concentration.  If required, the whole fish residue data were normalized to a standard 
fish size to eliminate the effect of size on TotHg concentration.  The final fish datasets need to be 
analyzed by one-way ANOVA to determine if significant intra-species differences exist in whole fish TotHg 
concentrations across sampling locations.     
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Attachment 1: Number of fish available for use in the Nyanza BERA 

Sunfish
a 

Bullhead
b 

Largemouth 
Bass Yellow Perch 

Size A
c 

Size B
d 

Adults Adults Size A Size B Size C
e 

Size D
f 

TotHg
g 

MeHg
h 

TotHg MeHg TotHg MeHg TotHg MeHg TotHg MeHg TotHg MeHg TotHg MeHg TotHg MeHg 

SUDBURY RIVER REACHES 

Reach 1 11 10 4 2 10 3 5 13 3 

Reach 2 11 2 3 3 10 3 11 13 13 3 

Reach 3 13 10 3 10 3 13 13 12 3 

Reach 4 13 10 3 10 3 13 13 13 3 

Reach 5 13 11 13 3 10 3 3 13 2 

Reach 6 12 8 10 3 10 3 2 13 13 3 

Reach 7 (w/o Heard P.) 8 10 3 11 3 3 13 13 13 3 

Reach 7 (Heard Pond) 10 3 10 3 13 13 12 10 3 

Reach 8 35 6 10 3 10 3 3 50 30 22 5 

Reach 9 7 7 10 3 10 3 4 13 13 3 

Reach 10 12 10 3 10 3 1 13 13 13 3 

REFERENCE LOCATIONS 

Charles River 12 10 3 10 3 13 13 13 5 

Sudbury Reservoir 7 9 3 8 3 6 13 13 13 3 

TOTALS 152 0 44 0 119 38 129 39 26 0 158 0 168 0 174 42 

Source: Access database for the Nyanza BERA 

Empty spaces indicate lack of data 

a
 the number of sunfish samples represents a combination of pumpkinseeds and bluegills 

b
 the number of bullhead samples represents a combination of yellow bullheads and brown bullheads 
Size A = 5-9.9 cm 

d
 Size B = 10-14.9 cm 

e
 Size C = 15-19.9 cm 

f
 Size D = > 20 cm 

g
 TotHg = total mercury 

h
 MeHg = methylmercury 
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Attachment 2: Bullhead (yellow bullheads and brown bullheads combined) whole fish TotHg concentrations (ug/kg, wet weight) by 
sampling locations 

Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 
Reach 7 

(HP) Reach 8 Reach 9 
Reach 

10 
Charles 

River 
Sudbury 

Res. 

244.3 88.8 117.4 254.0 178.0 319.9 127.9 51.2 466.0 181.9 119.9 78.6 90.4 

556.2 163.0 656.2 98.2 192.0 103.0 280.4 80.0 250.7 189.2 285.8 135.9 111.0 

207.0 89.8 995.5 166.5 197.0 301.5 163.9 63.5 278.3 151.5 277.3 121.2 153.5 

57.0 359.1 107.8 162.4 373.7 122.2 65.8 164.7 120.9 65.4 302.9 128.9 

332.1 312.1 168.5 213.0 103.4 74.1 127.5 125.6 585.5 316.5 148.4 

552.9 178.8 137.8 332.1 272.4 64.2 291.7 129.6 100.0 136.2 138.7 

503.9 229.2 83.8 158.1 215.3 80.8 314.2 139.7 109.3 196.8 190.4 

309.1 202.3 229.3 173.1 248.9 54.2 111.3 187.5 129.0 230.9 131.4 

390.9 210.4 135.7 285.3 243.1 60.9 58.5 151.8 333.8 160.4 102.7 

566.6 67.7 100.7 225.2 399.1 55.2 108.2 116.8 337.3 172.0 

103.4 

86.1  

109.4 
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Attachment 3: Largemouth bass whole fish total mercury concentrations (ug/kg, wet weight) by sampling locations 

Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 
Reach 7 

(HP) Reach 8 Reach 9 Reach 10 
Charles 

River 
Sudbury 

Res. 

218.6 303.7 420.9 428.2 262.1 634.2 517.5 51.1 648.2 896.1 403.0 245.7 125.7 

250.8 201.8 645.7 473.0 534.4 504.7 478.6 101.9 788.1 533.0 606.0 412.9 136.7 

192.6 352.9 580.1 629.4 567.1 459.6 341.5 84.9 634.6 524.4 601.4 344.6 122.2 

282.2 489.2 757.6 569.2 506.6 493.5 438.9 90.6 611.8 651.2 434.8 307.4 218.9 

209.4 437.3 871.8 549.6 520.9 332.3 473.3 86.4 498.5 692.3 500.5 273.1 304.1 

256.3 639.2 706.7 617.1 329.6 398.8 371.5 80.0 560.5 703.4 410.2 184.9 141.9 

182.1 635.8 799.9 428.5 436.8 413.5 526.1 52.1 629.9 669.7 504.2 310.9 178.9 

257.0 507.5 610.2 353.6 382.3 533.7 553.5 80.2 728.6 730.8 467.3 381.6 229.8 

317.5 791.8 582.2 597.9 429.2 372.0 378.6 80.4 486.4 832.9 832.1 298.3 

299.0 588.6 716.6 316.5 366.2 775.7 573.7 110.6 459.9 589.8 488.9 176.5 

462.8 
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Attachment 4: Yellow perch (size classes C and D combined) whole fish total mercury concentrations (ug/kg, wet weight) by sampling 
locations 

Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 
Reach 
7(HP) Reach 8 Reach 9 Reach 10 

Charles 
River 

Sudbury 
Res. 

133.3 153.9 333.3 288.3 187.0 141.3 158.5 31.3 181.0 201.8 276.6 126.7 40.2 

123.5 156.6 300.1 145.5 133.8 96.2 97.3 39.5 214.8 174.0 243.6 127.2 56.6 

134.3 128.1 316.3 94.8 175.7 122.5 130.5 49.6 170.7 173.0 301.7 108.2 58.0 

118.1 182.4 293.1 237.9 97.8 182.6 142.5 38.4 204.4 183.1 229.1 113.3 113.0 

127.9 126.8 230.4 196.5 194.1 145.3 114.1 28.8 130.7 287.7 185.3 107.8 48.5 

115.0 151.4 377.3 160.5 74.2 113.7 150.1 33.2 167.9 203.9 249.5 131.7 64.1 

61.2 291.4 264.8 205.0 127.7 153.7 140.5 38.1 180.1 230.6 302.0 115.5 81.6 

135.0 314.3 352.4 196.0 137.9 126.2 135.0 48.2 157.9 199.1 235.1 107.4 33.2 

116.7 327.4 128.1 221.0 189.7 160.7 122.7 44.4 146.9 281.3 263.3 116.7 74.1 

8.8 327.7 247.4 196.4 185.8 180.7 150.6 46.5 197.9 242.8 188.2 111.7 62.0 

152.0 288.1 359.5 128.5 132.6 157.0 119.8 34.7 220.4 190.4 271.7 115.9 48.8 

113.4 255.8 388.3 212.5 145.0 124.9 150.9 60.0 197.7 219.8 232.2 110.1 65.0 

183.3 249.6 285.6 214.4 89.8 160.2 107.1 39.6 196.8 191.6 227.7 118.6 84.8 

95.2 157.7 272.0 217.9 150.6 110.9 209.4 43.6 247.9 225.8 411.7 142.8 59.1 

132.4 184.9 467.7 350.5 68.8 145.4 108.9 44.4 164.9 347.2 146.5 99.8 108.3 

110.5 218.9 193.9 283.1 43.0 75.7 115.7 53.5 204.9 185.8 170.0 155.3 87.8 

158.6 180.1 254.5 322.5 132.8 94.7 31.3 174.7 128.2 274.5 133.0 72.4 

159.5 116.3 395.6 226.3 137.8 158.9 51.7 241.8 273.2 167.7 141.7 72.4 

79.3 251.6 310.2 255.3 110.3 31.4 159.0 222.3 169.0 95.3 94.8 

93.2 142.6 309.4 92.9 114.7 43.7 173.3 128.8 349.1 113.1 60.5 

427.9 270.3 118.7 140.4 141.7 38.8 258.3 282.0 302.3 116.5 71.9 

236.2 263.5 228.8 96.8 154.9 40.1 181.5 347.1 269.8 67.1 95.4 

278.8 272.8 128.2 41.0 108.6 206.9 153.9 133.1 95.4 64.6 

126.1 304.1 190.2 91.5 132.6 234.3 290.5 177.7 152.6 68.3 

262.6 318.1 96.8 117.8 120.5 169.7 141.1 172.2 144.0 95.4 

219.9 87.6 251.7 97.8 199.6 167.3 269.2 106.3 103.9 

263.9 

207.1 

182.7 
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Attachment 4: Yellow perch (size classes C and D combined) whole fish total mercury concentrations (ug/kg, wet weight) by sampling 
locations 

Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 
Reach 
7(HP) Reach 8 Reach 9 Reach 10 

Charles 
River 

Sudbury 
Res. 

184.1 

187.1 

141.1 

192.1 

145.0 

211.1 

110.0 

137.6 

145.4 

88.4  

234.0 

235.0 

208.0 

168.3 

218.1 

223.6 

296.9 

190.1 

297.2 

202.5 

223.4 

113.5 
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Attachment 5: Sunfish (size class A bluegills and pumpkinseeds combined) whole fish total mercury concentrations (ug/kg, wet weight) 
by sampling locations 

Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 
Reach 7 

(HP) Reach 8 Reach 9 Reach 10 
Charles 

River 
Sudbury 
Res. 

122.0 195.0 142 160 225 197 128 170 148 270 143 35.7 

156.0 153.0 477 191 275 97.4 186 206 219 224 135 53 

184.0 265.0 221 203 303 74.3 172 169 140 233 143 27.4 

91.9 167.0 173 261 226 125 215 201 181 250 164 58.1 

236.0 231.0 204 225 288 154 269 171 200 190 187 22.3 

71.7 136.5 169 158 285 120 209.5 190 168 201 126 22.4 

150.0 210.0 154 295 227 129 146 168 150 193 157 29 

129.0 137.0 201 152 297 99.4 162 178 248 104 

145.0 165.0 199 353 290 179 208 271 120 

130.0 190.0 212 289 300 93.8 246 215 155 

92.5 211.0 201 179 219 137 195 265 140 

267 98 303 158 199 227 163 

231 302 225 192 

225 

218 

256 

238 

251 

190 

303 

242 

229 

231 

249 

232 

210 

217 

203 

187 

292 

209 
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Attachment 5: Sunfish (size class A bluegills and pumpkinseeds combined) whole fish total mercury concentrations (ug/kg, wet weight) 
by sampling locations 

Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 
Reach 7 

(HP) Reach 8 Reach 9 Reach 10 
Charles 

River 
Sudbury 
Res. 

226 

229 

249 

125 
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Figure 1: Regressions for reconstructed whole fish [TotHg] versus fillet [TotHg] 

Largemouth bass reconstructed whole fish [TotHg] versus fillet [TotHg] Yellow bullhead reconstructed whole fish [TotHg] versus fillet [TotHg] 
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Figure 2: Significant regressions between largemouth bass length vs. whole fish total mercury by sampling location 

Reach 2 largemouth bass length vs. whole fish [TotHg] Reach 3 largemouth bass length vs. whole fish [TotHg] 
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Figure 2 (continued): Significant regressions between largemouth bass length vs. whole fish total mercury by sampling location 

Reach 7 (Heard Pond) largemouth bass length vs. whole fish [TotHg] Reach 8 largemouth bass length vs. whole fish [TotHg] 

1200 

r 
2

y = -579.86 + 32.01(x) 
p = 0.0008 

 = 0.77 
n = 10 

s
ta

n
d

a
rd

 f
is

h
 s

iz
e

 (
3
7

 c
m

) 

W
h

o
le

 F
is

h
 T

o
tH

g
 (

u
g

/k
g

, 
W

W
) 

W
h

o
le

 F
is

h
 T

o
tH

g
 (

u
g

/k
g

, 
W

W
) 

s
ta

n
d
a

rd
 s

iz
e

 f
is

h
 (

3
7

 c
m

) 

y = -149.36 + 6.25(x) 
p = 0.002 

r 
2
 = 0.72 

n = 10 

120 

100 

W
h
o

le
 F

is
h

 T
o

tH
g
 (

u
g

/k
g

, 
W

W
) 

W
h

o
le

 F
is

h
 T

o
tH

g
 (

u
g

/k
g

, 
W

W
) 

1000 

800 

600 

400 

60 

40 200 

30 32 34 36 38 40 42 44 

Length (cm) 

Reach 9 largemouth bass vs. whole fish [TotHg] 

46 25 30 35 40 45 50 55 

Length (cm) 

Reach 10 largemouth bass length vs. whole fish [TotHg] 

1400 

1200 

1000 

800 

600 

400 

r 
2

y = -747.07 + 38.63(x) 
p = 0.0004 

 = 0.81 
n = 10 

s
ta

n
d

a
rd

 s
iz

e
 f
is

h
 (

3
7

 c
m

) 

r 
2

y = -1323.07 + 49.94(x) 
p = 0.0001 

 = 0.85 
n = 10 

s
ta

n
d

a
rd

 s
iz

e
 f

is
h

 (
3

7
 c

m
) 

28 30 32 34 36 38 40 42 44


Length (cm)


200 

46 48 32 34 36 38 40 42 44 46 48 50 52 

Length (cm) 

200 

15 

400 

600 



28 

Figure 2 (continued): Significant regressions between largemouth bass length vs. whole fish total mercury by sampling location 
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Figure 3: Significant regressions between bullhead length vs. whole fish total mercury by sampling location 

Reach 7 (Heard Pond) bullhead length vs. whole body [TotHg] Sudbury Reservoir bullhead length vs. whole fish [TotHg] 
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Figure 4: Significant regressions between yellow perch length (size class C and D) vs. whole fish total mercury by sampling location 

Reach 1 yellow perch length vs. whole fish TotHg Reach 2 yellow perch length vs. whole fish TotHg 

(size classes C and D only) (size classes C and D only) 
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Figure 4 (cont’d): Significant regressions between yellow perch length (size class C and D) vs. whole body total mercury by sampling location 

Reach 5 yellow perch length vs. whole fish TotHg Reach 6 yellow perch length vs. whole body TotHg 
(size classes C and D only) (size classes C and D only) 
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Figure 4 (cont’d): Significant regressions between yellow perch length (size class C and D) vs. whole fish total mercury by sampling location 

R each 8 yellow perch length vs. w hole fish TotH g Reach 9 yellow perch length vs. whole fish TotHg 
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       August 3, 2006 

Office of Environmental Measurement and Evaluation 

US EPA - Region I 

11 Technology Drive 

North Chelmsford, Massachusetts 01863-2431 


To: Mr. Bart Hoskins, EPA TOPO 

Via: Mr. Louis Macri, ESAT Program Manager 


TDF No. 138 C 

Task Order No. 06 

Task No. 01 


Subject: Results of Statistical Analyses of Fish and Bird Total Mercury Residues in Support of the Nyanza 
Operable Unit IV (Sudbury River) Baseline Ecological Risk Assessment (Interim Deliverable). 

Dear Mr. Hoskins: 

The Environmental Services and Assistance Team (ESAT) prepared egg, feather, and blood 
Total Mercury (TotHg) datasets for hooded mergansers, tree swallows, wood ducks, and several marsh 
bird species collected along the Sudbury River and at several off-site reference locations.  

As requested by the Task Order Project Officer (TOPO), all of these datasets, together with whole 
fish TotHg datasets prepared earlier under the current Technical Direction Form (TDF), were submitted to 
a contractor statistician working at the EPA’s Atlantic Ecology Division in Narragansett, RI.  The 
contractor performed statistical analyses to determine if significant differences in TotHg residue 
concentrations existed across tissue types, gender, species, sampling locations, and/or sampling times.  
The outcome of the analyses are discussed in this deliverable, except for TotHg in bird blood for which 
the results were not available by the interim deliverable due date.  Those results will be provided in the 
final deliverable. 

The task was requested by Mr. Bart Hoskins, the TOPO, and was authorized under TDF No. 138 
C. The whole fish TotHg datasets for sunfish, bullheads, yellow perch, and largemouth bass were 

provided earlier to the TOPO.  The interim deliverable due date is August 3, 2006.  The new final due 

data for this task is August 24, 2006. 


Should you have any questions or comments, please do not hesitate to contact Stan Pauwels at 
(617) 918-8669 located at the EPA/OEME Biology Section, North Chelmsford, MA. 
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        Stan  Pauwels
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        TechLaw,  Inc.  

 ATLANTA  � BOSTON  � CHICAGO  � DALLAS  � DENVER � NEW YORK  � OVERLAND PARK  � PHILADELPHIA � SACRAMENTO  � SAN FRANCISCO � SEATTLE � WASHINGTON, DC 



Results of Statistical Analyses of Fish and Bird Total Mercury Residue Data  

in Support of the Nyanza Operable Unit IV (Sudbury River) 


 Baseline Ecological Risk Assessment. 

(Interim Deliverable)


TDF No. 138 C 
Task Order No. 06 

Task No. 01 

Submitted to the: 

Task Order Project Officer 
Office of Environmental Measurement and Evaluation 

USEPA - New England Regional Laboratory 
11 Technology Drive 

North Chelmsford, MA  01863-2431 

Submitted by: 

ESAT - Region I 
TechLaw, Inc. 

The Wannalancit Mills, 175 Cabot Street, Suite 415 
Lowell, MA 01854-3650 

August 3, 2006 

EPA Contract EP-W-06-017 



1.0 GENERAL INTRODUCTION

On June 14, 2006, the Environmental Protection Agency (EPA) issued Technical Direction Form 
(TDF) No. 138 B, requesting that the Environmental Services Assistance Team (ESAT) suggest statistical 
analyses that should be performed on fish and bird mercury (Hg) tissue residue data collected for the 
Nyanza Operable Unit (OU) IV in support of a Baseline Ecological Risk Assessment (BERA).  The 
available data consisted of Hg concentrations measured in four species of fish (sunfish, yellow perch, 
bullheads, and largemouth bass), and in egg, feather, and blood samples collected from hooded 
mergansers, wood ducks, tree swallows, and several species of marsh birds. 

The Task Order Project Officer (TOPO) requested that the fish datasets be provided as an interim 
deliverable prior to the original July 19 completion date in order to proceed expeditiously with the 
proposed statistical analysis of the fish tissue residue data.  Those data were provided to the TOPO 
under separate cover on July 13, 2006.  The current interim deliverable reports on the outcome of the 
Analysis of Variance (ANOVA) of Total Mercury (TotHg) concentrations in whole fish, and bird eggs and 
feathers. The results of the ANOVA of TotHg concentrations in bird blood will be provided in a separate 
technical memorandum as a final deliverable.     

The Nyanza Superfund Site (the Site) was occupied from 1917 through 1978 by several 
companies which manufactured textile dye intermediates, colloidal solids, and acrylic polymers.  Over the 
decades, large volumes of chemical wastes (e.g., partially-treated process water, chemical sludges, solid 
process wastes, solvent recovery distillation residue, various chemicals, and off-specification products) 
were disposed of in pits, below-ground containment structures, and lagoons scattered throughout the 
Site. Hg was one of the compounds used as a catalyst to produce textile dyes.  Between 1940 and 1970, 
it is estimated that 45 to 57 metric tons of Hg were released from the Site into the nearby Sudbury River. 

Regulatory concerns at the Site started in 1972.  In 1982, the Site was placed on the National 
Priorities List (NPL) by the U.S. EPA.  Site investigations have been on-going since that time.  These 
studies determined that large sections of the Sudbury River between the Site and its confluence with the 
Assabet River (about 26 miles) were contaminated with Hg at levels of concern to ecological receptors 
and human health.  This conclusion resulted in additional field work starting in 2003 to better quantify the 
potential for ecological risk to aquatic, semi-aquatic, and terrestrial receptors. 

This technical memorandum is organized as follows: Section 2.0 summarizes the outcome of the 
statistical analyses of whole fish TotHg concentrations, Section 3.0 summarizes the outcome of the 
statistical analysis of bird egg and feather TotHg concentrations, and Section 4.0 provides a summary 
and conclusions. 

2.0 STATISTICAL ANALYSIS OF THE WHOLE FISH TotHg DATASETS 

2.1 Introduction

A previous interim technical memorandum delivered to the TOPO on July 13, 2006, described the 
steps taken to develop size-normalized, whole fish TotHg datasets for use in ANOVA.  The goal of the 
proposed one-way ANOVA was to determine if significant intra-species differences existed in TotHg 
concentration in four fish species collected from up to 11 Sudbury River reaches and two off-site 
reference locations (Charles River and Sudbury Reservoir).  The datasets were analyzed by a contractor 
statistician working at the EPA’s Atlantic Ecology Division in Narragansett, RI.  

2.2 Results of the statistical analysis of TotHg concentration in whole fish 

Figure 1.a (largemouth bass), Figure 1.b (bullheads), Figure 1.c (sunfish size A [5-9.9 cm]), and 
Figure 1.d (yellow perch sizes C and D [15-19.9 cm and 20+ cm]) at the end of this technical 
memorandum summarize the results of the one-way ANOVA.  It would have been invalid to statistically 
compare whole fish TotHg residues across species within sampling locations.  The reason was that the 
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fish species were of different age and represented different sizes.  It should be noted that, in these and all 
of the other figures associated with this technical memorandum, a lack of statistical significance between 
means was indicated by the same letter .   

The outcome of the one-way ANOVA can be summarized as follows: 

x	 In general, the mean TotHg concentrations were between 1.5 to 3 times higher in largemouth 
bass compared to the other three species.  This result may be attributed to the fact that 
largemouth bass are top aquatic predators compared to the other species which feed lower on 
the food chain. 

x	 The TotHg concentrations in the sunfish were surprisingly high when compared to the yellow 
perch, considering that the former were represented by specimens < 10 cm long whereas the 
latter were represented by specimens between 15 and 30 cm long (normalized to 20 cm, when 
required). 

x	 Largemouth bass, bullheads, and yellow perch collected from reach 3 (Reservoir No. 2) had the 
highest TotHg concentrations.  This pattern was not unexpected since reach 3 is the first location 
after the Nyanza Site where suspended sediment have historically had a chance to settle out of 
the water column and accumulate on the bottom.  Hg released from the Site presumably adhered 
to suspended particles in the water column and was carried downstream. 

x	 The TotHg concentration in fish (excluding sunfish) decreased significantly in several of the 
reaches located down gradient from reach 3 and up to reach 7.  

x	 Heard Pond (reach 7) appeared to represent an anomaly.  The TotHg concentrations in whole 
fish collected from this spot were lower than at any of the other locations not directly affected by 
past Site releases (i.e., reach 1, Charles River, and Sudbury Reservoir).  Heard Pond is 
periodically flooded by the nearby Sudbury River during high-flow periods.  It is probable that any 
Site-related Hg that accumulated in the sediment from this pond was not available for uptake in 
the local aquatic food chain. 

x	 Depending on the fish species, there was a significant spike in TotHg concentration in specimens 
collected from reaches 8, 9, or 10. Reach 8 (which encompasses the Great Meadows National 
Wildlife Refuge [GMNWR]) is thought to be the cause of this phenomenon.  Wetlands have been 
shown to promote the conversion of inorganic Hg to methylmercury (MeHg) via bacterial 
metabolism in anaerobic sediment.  MeHg also biomagnifies in aquatic food chains.       

3.0 STATISTICAL ANALYSIS OF THE BIRD TISSUE TotHg DATASETS 

3.1 Introduction

Starting in 2003, bird tissue samples were collected in several reaches of the Sudbury River and 
at up to four reference locations (Charles River, Sudbury Reservoir, Delaney Wildlife Refuge, and 
Whitehall Reservoir).  

Tissue samples from hooded mergansers, tree swallows, and wood ducks were obtained by 
monitoring nest boxes placed near suitable nesting areas.  The target tissues consisted of eggs, feathers, 
and blood samples. One or more eggs were collected from individual nests.  Feathers and blood samples 
were obtained from either or both parents associated with the nests.  No feather or blood samples were 
collected from nestlings. 

Tissue samples from marsh bird species (including yellow warblers, common yellowthroats, song 
sparrows, swamp sparrows, and redwing blackbirds)  were obtained by capturing adult birds with mist 

3




nests.  The target tissues consisted of feather and blood samples.  No eggs were collected from these 
species. 

Eggs from the eastern kingbird were collected from natural nests located in bushes along the 
banks of the Sudbury River.  No other tissues were collected from this species.     

3.2 Exposure units 

Each Sudbury River reach where birds were sampled was considered as an individual exposure 
unit. Several reaches had been subdivided for the purpose of tissue collection.  For example, tree 
swallows were sampled from five sub-reaches within reach 8, whereas hooded mergansers were 
sampled from only three sub-reaches within reach 8.  In addition, depending on season and/or species, 
only a handful of samples were collected from individual sub reaches.  To create robust datasets, the 
species-specific tissue residue data from all of the sub-reaches within a reach were combined by species 
and life stage into reach-specific datasets for use in the ANOVAs.      

3.3 Sampling units

3.3.1 Eggs 

The individual nest was considered the smallest egg sampling unit.  On several occasions, two or 
more eggs were collected from individual nests.  Such samples consisted of two eggs collected on one 
day (e.g., if a nest box contained a few hooded merganser eggs among a clutch of wood duck eggs), the 
smallest and largest egg in a clutch collected on one day, or eggs taken from the same clutch but on 
separate days. 

To prepare species-specific datasets for use in statistical analysis, the available egg analytical 
data for a given nest were averaged when two or more eggs were collected from that nest.  The end 
result was one egg TotHg concentration per nest. 

3.3.2 Feathers    

Individual birds were considered the smallest feather sampling unit.  Two feathers were typically 
collected from each bird and combined into one sample to generate enough tissue mass for residue 
analysis.  The TotHg concentration data for feathers were organized by gender, age (younger adults 
consisting of one-year olds and older adults consisting of 2+ years old), sampling location, and season.  

The feather database for the marsh bird species was less complete than for the tree swallows. 
More often than not, the gender of the birds could not be accurately determined in the field at the time of 
capture.  It was determined to pool all of the species-specific feather TotHg residue data across gender 
and age at each sampling location.  Even using this data consolidation step resulted in many small 
datasets (n < 4). 

3.4 Results of the statistical analysis of TotHg concentrations in bird tissues 

3.4.1 Eggs

3.4.1.1 2003 sampling season 

The outcome of the ANOVA for the 2003 egg data are summarized in Figure 2.1 (comparing 
mean egg TotHg concentrations within species but across sampling locations) and Figure 2.2 (comparing 
mean egg TotHg concentrations across species but within sampling locations) at the end of this technical 
memorandum. 

The results of the analysis can be summarized as follows: 
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Comparisons within bird species but across sampling locations in 2003 (see Figure 2.1): 

x	 TotHg concentrations in tree swallow and eastern kingbird eggs collected from the Sudbury River 
attained their highest levels in reaches 7 and 8. 

x	 TotHg concentrations in tree swallow eggs collected from the Charles River were not statistically 
different from those measured in reaches 7 and 8.  However, the TotHg concentrations in eastern 
kingbird eggs were significantly higher in the Charles River compared to reaches 7 and 8. 

x	 TotHg levels in tree swallow eggs were significantly lower in the Sudbury Reservoir as compared 
to the Charles River. 

x	 No significant difference in TotHg concentrations was found in wood duck eggs collected from 
reach 8 and the Delaney Wildlife Refuge.   

Comparisons across bird species but within sampling locations in 2003 (see Figure 2.2): 

x	 No significant differences were found in TotHg concentrations for wood duck, tree swallow and 
eastern kingbird eggs collected from reach 7, reach 8, and the Charles River.  

x	 Only in the Delaney Wildlife Refuge was a significant difference detected in TotHg concentrations 
for wood duck and hooded merganser eggs. 

x	 The mean TotHg concentration in eggs from hooded mergansers was at least two times higher 
than that measured anywhere else in the other three bird species. This elevated concentration 
likely reflected the piscivorous feeding habits of the hooded merganser.      

3.4.1.2 2004 sampling season 

The outcome of the ANOVA for the 2004 egg data are summarized in Figure 2.3 (comparing 
mean egg TotHg concentrations in tree swallows across sampling locations) at the end of this technical 
memorandum.  Comparisons across bird species but within sampling locations could not be made 
because tree swallows were the only species collected in 2004.    

The results of the analysis can be summarized as follows: 

x	 The TotHg concentrations increased significantly between reaches 3 and 4, Reach 7 (Heard 
Pond) and reach 8. 

x	 In contrast to the 2003 tree swallow egg data, the TotHg concentrations measured in 2004 eggs 
collected from the Charles River were significantly lower compared to those measured in reach 8.  

3.4.1.3 Comparison between the 2003 and 2004 sampling seasons 

Only eggs from tree swallows were collected during both the 2003 and 2004 seasons.  Figure 2.4 
combines the 2003 and 2004 mean TotHg concentrations for tree swallow eggs.  The ANOVA showed 
significant differences between sampling locations (p < 0.0001) and years (p = 0.003), but also found a 
significant interaction between these two variables (p < 0.0001).  The reason was that egg TotHg 
concentrations increased in reaches 3 and 8 between 2003 and 2004, but decreased in the Charles River 
during the same two years. 
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3.4.2 Feathers 

3.4.2.1 2003 sampling season 

The outcome of the ANOVA for the 2003 feather data is summarized in Figure 3.1 (comparing 
mean feather TotHg concentrations within species but across sampling locations) and Figure 3.2 
(comparing mean feather TotHg concentrations across species but within sampling locations) at the end 
of this technical memorandum.  The analytical data for feathers collected from tree swallow males and 
females were not pooled because significant differences were detected between the two genders (see 
§3.4.2.2 below). 

The results of the analysis can be summarized as follows: 

Comparisons within bird species but across sampling locations in 2003 (see Figure 3.1): 

x	 The TotHg concentrations in feathers from the three bird species collected at two or more 
sampling locations (i.e., tree swallows, song sparrows, and swamp sparrows) did not differ 
significantly across their respective sampling locations. 

Comparisons across bird species but within sampling locations in 2003 (see Figure 3.2): 

x	 The TotHg concentrations in feathers from (female) tree swallows and song sparrows collected 
from reach 7 did not differ significantly from each other. 

x	 In reach 8, the TotHg concentrations in feathers from (female) tree swallows was significantly 
lower than those measured in song sparrows, swamp sparrows, and common yellowthroats; the 
TotHg concentrations in the feathers from those latter three species did not differ from each other. 

x	 In the Charles River, the TotHg concentrations in feathers from song sparrows were significantly 
higher than those measured in feathers from male and female tree swallows, but were no 
different from those measured in feathers from yellow warblers and swamp sparrows. The lack of 
a more pronounced difference given the great divergence in the means was due to relatively 
small datasets and wide-ranging intra-species TotHg concentrations in feathers.    

3.4.2.2 2004 sampling season 

The outcome of the ANOVA for the 2004 feather data is summarized in Figure 3.3 (comparing 
mean male and female tree swallow feather TotHg concentrations across sampling locations) and Figure 
3.4 (comparing mean tree swallow feather TotHg concentrations across gender) at the end of this 
technical memorandum.  Comparisons to other bird species could not be made because tree swallows 
were the only birds collected in 2004.    

The results of the analysis can be summarized as follows: 

Comparisons within gender but across sampling locations in 2004 (see Figure 3.3): 

x	 As in 2003, the TotHg concentrations in male or female tree swallow feathers did not differ 
significantly across any of the sampling locations. 

Comparisons across gender but within sampling locations in 2004 (see Figure 3.4): 

x	 The mean TotHg concentrations in feathers collected from male and female tree did not differ 
significantly across sampling locations.   

6




3.4.2.3 Comparison between the 2003 and 2004 sampling seasons 

Only tree swallows were sampled for feathers during both the 2003 and 2004 seasons.  Figure 
3.5 combines the 2003 and 2004 mean TotHg concentrations in feathers for female tree swallows.  The 
ANOVA showed a significant effect for years P = 0.007), but not for sampling locations or the interaction 
between year and sampling location.  This result indicated that the mean TotHg concentrations in 
feathers from female tree swallows collected from the various sampling locations were systematically 
higher in 2004 versus 2003.   

4.0 SUMMARY AND CONCLUSIONS 

As part of this interim deliverable, ESAT prepared numerous TotHg concentration datasets for 
bird eggs and feathers collected in 2003 and 2004 from up to half a dozen species on the Sudbury River 
and at several reference locations.  These bird tissue datasets, together with whole fish TotHg residue 
datasets provided to the TOPO earlier, were sent to a contractor statistician for analysis and comparison.  

This technical memorandum summarized the results of the statistical analyses performed on the 
TotHg data from whole fish, bird eggs, and feathers.  Several figures were developed to help visualize the 
results. The general conclusions are as follows: 

FISH: 

x	 Largemouth bass had the highest TotHg concentrations of the four target fish species.  

x	 TotHg tended to reach its highest level in reach 3 but decreased in the subsequent reaches.   

x	 A secondary increase was observed in reaches 8, 9, and/or 10, probably due to increased Hg 
methylation in sediment in reach 8 (Great Meadows National Wildlife Refuge).  

x	 All fish species collected from Heard Pond in reach 7 showed by far the lowest levels of TotHg. 

BIRD EGGS: 

x	 TotHg concentrations in tree swallow and eastern kingbird eggs varied significantly across 
reaches and attained maximum levels in reach 8.  This pattern suggested that the TotHg in the 
eggs of these two species reflected local (i.e., reach-specific) exposure conditions. 

x	 TotHg levels in eggs collected from these same two species on the Charles River in 2003 were at 
least as high as those measured in reach 8.  This pattern indicated that the exposure conditions 
were similar between these two sampling locations.  

x	 In 2004, the TotHg levels in tree swallow eggs from the Charles River were significantly lower 
than those measured in reach 8 eggs.  This pattern indicated that the Hg exposure profile 
changed for unknown reasons between the two years.  

FEATHERS: 

x	 TotHg concentration in feathers collected in 2003 from three bird species at Sudbury River 
reaches and reference locations did not vary significantly across sampling locations.  This pattern 
suggested that feathers did not readily respond to local changes in Hg exposure but instead 
represented a conservative, long-term Hg sink.  

x	 At reach 8 in 2003, feather TotHg concentrations was significantly lower in (female) tree swallows 
compared to three marsh bird species.  
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x	 At the Charles River in 2003, the same general pattern prevailed even though significant 
differences were only observed between (female) tree swallows and song sparrows.  The lack of 
a more robust response at this location was likely due to small sample sizes and wide intra
species ranges in TotHg concentrations. 

x	 In 2004, the TotHg levels in the feathers from female tree swallows were uniformly (and 
significantly) higher than those measured in female tree swallow feathers collected in 2003.  This 
pattern indicated that the Hg exposure profile changed for unknown reasons from one year to the 
next. 

x	 Tree swallows (male and female) were the only bird species sampled for feathers in 2004.  No 
significant differences in TotHg concentrations were observed across sampling locations or 
gender, reinforcing the general conclusion that feathers are poor indicators of local exposure to 
Hg in birds. 
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and female tree swallows collected in 2004 from Sudbury River reaches and 

reference locations 

Note 1: the same letter was used 

to indicate a lack of significant 

statistical difference between two 

means 

Note 2: the digit on each column 

indicates the number of data 

points used to calculate the mean 
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Figure 3.5: Average TotHg concentrations (ug/kg, WW) in feathers from adult female tree swallows 
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APPENDIX G 


MAYFLY CONCENTRATIONS




Table G-1 

Surficial Sediment Sample Concentrations and Associated Estimated Emergent Insect Concentrations 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sediment Sample ID QC 

Total Mercury Concentration 

Sediment 

(µg/kg DW) 

Emergent Insects 

(µg/kg DW)
a 

(mg/kg WW)
b 

Averaged (mg/kg WW)
c 

CR-0-SDCR0001-0-031014-0003 0 3.15E+02 J 2.55E+02 4.26E-02 4.26E-02 

CR-0-SDCR0002-0-031014-0003 0 1.91E+02 2.02E+02 3.37E-02 3.37E-02 

CR-0-SDXX0001-0-031014-0005 0 2.70E+02  2.36E+02 3.94E-02 3.94E-02 

CR-0-SDXX0002-0-031014-0005 0 1.97E+02  2.05E+02 3.42E-02 3.21E-02 

CR-0-SDXX0002-1-031014-0005 1 1.39E+02  1.79E+02 2.99E-02 

CR-0-SDXX0003-0-031014-0005 0 2.20E+02  2.14E+02 3.58E-02 3.58E-02 

CR-0-SDXX0004-0-031014-0005 0 1.54E+02  1.86E+02 3.10E-02 3.10E-02 

CR-0-SDXX0005-0-031014-0005 0 3.41E+02 J 2.66E+02 4.45E-02 4.45E-02 

S0-0-SDXX0001-0-031008-0005 0 4.21E+02  3.01E+02 5.02E-02 5.02E-02 

S0-0-SDXX0002-0-031008-0005 0 7.54E+01  1.52E+02 2.54E-02 2.54E-02 

S0-0-SDXX0003-0-031008-0005 0 4.05E+02 J 2.94E+02 4.91E-02 4.91E-02 

S0-0-SDXX0004-0-031008-0005 0 5.15E+02  3.41E+02 5.69E-02 5.69E-02 

S0-0-SDXX0005-0-031008-0005 0 2.05E+02  2.08E+02 3.47E-02 3.47E-02 

S0-0-SDXX0006-0-031008-0005 0 5.37E+01 JEB 1.43E+02 2.38E-02 2.38E-02 

S0-0-SDXX0006-1-031008-0005 1 5.35E+01 JEB 1.43E+02 2.38E-02 

S0-0-SDXX0007-0-031008-0005 0 8.61E+02 J 4.90E+02 8.18E-02 8.18E-02 

S0-0-SDXX0008-0-031008-0005 0 1.51E+03 J 7.68E+02 1.28E-01 1.28E-01 

S0-0-SDXX0009-0-031008-0005 0 1.77E+02  1.96E+02 3.27E-02 3.27E-02 

S0-0-SDXX0010-0-031009-0005 0 1.11E+03 J 5.99E+02 1.00E-01 1.00E-01 

S1-0-SDXX0001-0-031007-0005S1 0 SDXX0001 0 031007 0005 00 2.32E+022.32E 02 2.19E+022.19E 02 3.66E-023.66E 02 3.66E-023.66E 02 

S1-0-SDXX0002-0-031007-0005 0 3.22E+02 J 2.58E+02 4.31E-02 4.31E-02 

S1-0-SDXX0003-0-031007-0005 0 3.83E+02 2.84E+02 4.75E-02 4.75E-02 

S1-0-SDXX0004-0-031007-0005 0 3.15E+03 J 1.47E+03 2.46E-01 2.46E-01 

S1-0-SDXX0005-0-031007-0005 0 1.30E+02 J 1.76E+02 2.93E-02 2.93E-02 

S1-0-SDXX0005-1-031007-0005 1 1.29E+02 J 1.75E+02 2.92E-02 

S2-0-SDXX0001-0-031008-0005 0 4.94E+02 J 3.32E+02 5.54E-02 5.54E-02 

S2-0-SDXX0002-0-031008-0005 0 5.33E+02 J 3.49E+02 5.82E-02 5.82E-02 

S2-0-SDXX0003-0-031008-0005 0 3.48E+02  2.69E+02 4.49E-02 4.49E-02 

S2-0-SDXX0004-0-031008-0005 0 3.75E+02  2.81E+02 4.69E-02 4.69E-02 

S2-1-SDXX0001-0-031015-0005 0 1.58E+01 1.26E+02 2.11E-02 2.11E-02 

S2-1-SDXX0002-0-031015-0005 0 5.17E+00 1.22E+02 2.04E-02 2.04E-02 

S2-2-SDXX0001-0-031008-0005 0 9.65E+03  4.27E+03 7.13E-01 7.13E-01 

S2-2-SDXX0002-0-031008-0005 0 4.31E+03 J 1.97E+03 3.29E-01 3.29E-01 

S2-2-SDXX0003-0-031008-0005 0 6.93E+03 J 3.10E+03 5.17E-01 5.17E-01 

S2-2-SDXX0004-0-031008-0005 0 1.66E+03 J 8.35E+02 1.39E-01 1.39E-01 

S2-2-SDXX0005-0-031008-0005 0 6.54E+01  1.48E+02 2.47E-02 2.44E-02 

S2-2-SDXX0005-1-031008-0005 1 5.73E+01  1.44E+02 2.41E-02 

S2-2-SDXX0006-0-031008-0005 0 1.11E+01  1.24E+02 2.08E-02 2.08E-02 

S3-1-SDCR0001-0-031010-0003 0 3.45E+03 J 1.60E+03 2.68E-01 2.68E-01 

S3-1-SDFA0001-0-031017-0005 0 8.96E+03 J 3.97E+03 6.63E-01 6.63E-01 

S3-1-SDFA0002-0-031017-0005 0 1.24E+03 6.54E+02 1.09E-01 1.09E-01 

S3-1-SDFA0003-0-031017-0005 0 5.41E+03 2.45E+03 4.09E-01 4.09E-01 

S3-1-SDFA0004-0-031017-0005 0 4.42E+03 J 2.02E+03 3.38E-01 3.38E-01 

S3-1-SDFA0005-0-031017-0005 0 4.00E+03 J 1.84E+03 3.07E-01 3.19E-01 

S3-1-SDFA0005-1-031017-0005 1 4.33E+03 J 1.98E+03 3.31E-01 

S3-1-SDFA0006-0-031017-0005 0 4.93E+02 3.32E+02 5.54E-02 5.54E-02 

S3-1-SDFA0007-0-031017-0005 0 9.14E+02 5.13E+02 8.56E-02 8.56E-02 

S3-1-SDFA0008-0-031017-0005 0 4.93E+02 J 3.32E+02 5.54E-02 5.54E-02 

S3-1-SDFA0009-0-031017-0005 0 5.45E+02 3.54E+02 5.91E-02 5.91E-02 

S3-1-SDFA0010-0-031017-0005 0 2.56E+03 1.22E+03 2.04E-01 2.04E-01 

S3-1-SDFA0011-0-031017-0005 0 1.89E+03 J 9.30E+02 1.55E-01 1.55E-01 

S3-1-SDFA0012-0-031017-0005 0 2.40E+02 2.23E+02 3.72E-02 3.72E-02 

S3-1-SDFA0013-0-031017-0005 0 3.08E+03 J 1.44E+03 2.41E-01 2.41E-01 

S3-1-SDFA0014-0-031017-0005 0 4.27E+03 J 1.95E+03 3.26E-01 3.26E-01 

S3-1-SDFA0015-0-031017-0005 0 2.36E+03 J 1.13E+03 1.89E-01 1.89E-01 
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Table G-1 

Surficial Sediment Sample Concentrations and Associated Estimated Emergent Insect Concentrations 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sediment Sample ID QC 

Total Mercury Concentration 

Sediment 

(µg/kg DW) 

Emergent Insects 

(µg/kg DW)
a 

(mg/kg WW)
b 

Averaged (mg/kg WW)
c 

S3-1-SDXX0001-0-031010-0005 0 2.46E+03 J 1.18E+03 1.96E-01 1.96E-01 

S3-1-SDXX0002-0-031010-0005 0 2.53E+03 J 1.21E+03 2.02E-01 2.02E-01 

S3-1-SDXX0003-0-031010-0005 0 2.32E+03 J 1.12E+03 1.86E-01 1.86E-01 

S3-1-SDXX0004-0-031010-0005 0 1.32E+03 6.88E+02 1.15E-01 1.15E-01 

S3-1-SDXX0005-0-031010-0005 0 2.59E+03 J 1.23E+03 2.06E-01 2.06E-01 

S3-2-SDXX0001-0-031010-0005 0 9.09E+03 J 4.03E+03 6.73E-01 6.73E-01 

S3-2-SDXX0002-0-031010-0005 0 1.12E+04 J 4.95E+03 8.27E-01 8.27E-01 

S3-2-SDXX0003-0-031010-0005 0 1.08E+04 J 4.75E+03 7.93E-01 7.93E-01 

S3-2-SDXX0004-0-031010-0005 0 6.95E+03 J 3.11E+03 5.19E-01 5.95E-01 

S3-2-SDXX0004-1-031010-0005 1 9.06E+03 J 4.02E+03 6.71E-01 

S3-2-SDXX0005-0-031010-0005 0 5.30E+03 J 2.40E+03 4.00E-01 4.00E-01 

S3-2-SDXX0006-0-031010-0005 0 4.84E+03 J 2.20E+03 3.67E-01 3.67E-01 

S3-2-SDXX0007-0-031010-0005 0 3.82E+03 J 1.76E+03 2.94E-01 2.94E-01 

S3-2-SDXX0008-0-031010-0005 0 5.47E+03 J 2.47E+03 4.13E-01 4.13E-01 

S3-3-SDXX0001-0-031010-0005 0 2.77E+04 J 1.20E+04 2.01E+00 2.01E+00 

S3-3-SDXX0002-0-031010-0005 0 2.00E+04 J 8.72E+03 1.46E+00 1.46E+00 

S3-3-SDXX0003-0-031010-0005 0 4.49E+04 J 1.94E+04 3.24E+00 3.24E+00 

S3-3-SDXX0004-0-031010-0005 0 2.69E+04 J 1.17E+04 1.95E+00 1.95E+00 

S3-3-SDXX0005-0-031010-0005 0 2.80E+04 J 1.22E+04 2.03E+00 2.03E+00 

S3-3-SDXX0006-0-031010-0005S3 3 SDXX0006 0 031010 0005 00 2 11E+04 J2.11E+04 J 9 19E+03 9.19E+03 1 54E+00 1.54E+00 1 54E+00 1.54E+00 

S3-3-SDXX0007-0-031010-0005 0 3.68E+04 J 1.59E+04 2.66E+00 2.66E+00 

S3-3-SDXX0008-0-031010-0005 0 1.69E+04 J 7.39E+03 1.23E+00 1.23E+00 

S4-0-SDXX0001-0-031013-0005 0 8.42E+03 J 3.74E+03 6.25E-01 6.25E-01 

S4-0-SDXX0002-0-031013-0005 0 7.58E+03 J 3.38E+03 5.64E-01 5.64E-01 

S4-0-SDXX0003-0-031013-0005 0 1.95E+03 J 9.58E+02 1.60E-01 1.60E-01 

S4-0-SDXX0004-0-031013-0005 0 2.09E+03  1.02E+03 1.70E-01 1.70E-01 

S4-0-SDXX0005-0-031013-0005 0 7.55E+03 J 3.37E+03 5.62E-01 5.62E-01 

S4-0-SDXX0006-0-031013-0005 0 8.11E+03 J 3.60E+03 6.02E-01 6.02E-01 

S4-0-SDXX0007-0-031013-0005 0 1.56E+04 J 6.84E+03 1.14E+00 1.10E+00 

S4-0-SDXX0007-1-031013-0005 1 1.45E+04 J 6.33E+03 1.06E+00 

S4-0-SDXX0008-0-031013-0005 0 4.79E+03  2.18E+03 3.64E-01 3.64E-01 

S4-0-SDXX0009-0-031013-0005 0 1.33E+04 J 5.84E+03 9.76E-01 9.76E-01 

S4-0-SDXX0010-0-031013-0005 0 2.80E+03 J 1.32E+03 2.21E-01 2.21E-01 

S4-0-SDXX0011-0-031013-0005 0 8.22E+02 J 4.73E+02 7.90E-02 7.90E-02 

S5-1-SDFA0001-0-031016-0005 0 8.48E+01 1.56E+02 2.61E-02 2.61E-02 

S5-1-SDFA0002-0-031016-0005 0 9.78E+01 1.62E+02 2.70E-02 2.70E-02 

S5-1-SDFA0003-0-031016-0005 0 1.32E+02 1.76E+02 2.95E-02 2.95E-02 

S5-1-SDFA0004-0-031016-0005 0 4.31E+02 3.05E+02 5.09E-02 5.09E-02 

S5-1-SDFA0005-0-031016-0005 0 9.76E+01 1.62E+02 2.70E-02 2.62E-02 

S5-1-SDFA0005-1-031016-0005 1 7.43E+01 1.52E+02 2.53E-02 

S5-1-SDFA0006-0-031016-0005 0 8.00E+02 J 4.64E+02 7.74E-02 7.74E-02 

S5-1-SDFA0007-0-031016-0005 0 6.78E+01 1.49E+02 2.48E-02 2.48E-02 

S5-1-SDFA0008-0-031016-0005 0 1.00E+02 1.63E+02 2.72E-02 2.72E-02 

S5-1-SDFA0009-0-031016-0005 0 1.99E+03 J 9.75E+02 1.63E-01 1.63E-01 

S5-1-SDFA0010-0-031016-0005 0 1.88E+02 2.00E+02 3.35E-02 3.35E-02 

S5-1-SDFA0011-0-031016-0005 0 8.44E+01 1.56E+02 2.60E-02 2.60E-02 

S5-1-SDFA0012-0-031016-0005 0 1.88E+02 2.00E+02 3.35E-02 3.35E-02 

S5-1-SDFA0013-0-031016-0005 0 7.23E+01 1.51E+02 2.52E-02 2.52E-02 

S5-1-SDFA0014-0-031016-0005 0 4.64E+01 1.40E+02 2.33E-02 2.33E-02 

S5-1-SDFA0015-0-031016-0005 0 3.47E+01 1.35E+02 2.25E-02 2.25E-02 

S5-2-SDXX0001-0-031009-0005 0 9.41E+02 J 5.24E+02 8.76E-02 8.76E-02 

S5-2-SDXX0002-0-031009-0005 0 1.72E+02 J 1.93E+02 3.23E-02 3.23E-02 

S5-2-SDXX0003-0-031009-0005 0 1.83E+03 J 9.07E+02 1.51E-01 2.01E-01 

S5-2-SDXX0003-1-031009-0005 1 3.20E+03 J 1.50E+03 2.50E-01 

S5-2-SDXX0004-0-031009-0005 0 1.11E+03 J 5.97E+02 9.97E-02 9.97E-02 
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Table G-1 

Surficial Sediment Sample Concentrations and Associated Estimated Emergent Insect Concentrations 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sediment Sample ID QC 

Total Mercury Concentration 

Sediment 

(µg/kg DW) 

Emergent Insects 

(µg/kg DW)
a 

(mg/kg WW)
b 

Averaged (mg/kg WW)
c 

S5-2-SDXX0005-0-031009-0005 0 4.33E+01 J 1.38E+02 2.31E-02 2.31E-02 

S5-3-SDXX0001-0-031008-0005 0 1.67E+03 J 8.38E+02 1.40E-01 1.40E-01 

S5-3-SDXX0002-0-031008-0005 0 4.74E+01 1.40E+02 2.34E-02 2.34E-02 

S5-3-SDXX0003-0-031008-0005 0 5.44E+02 J 3.54E+02 5.90E-02 5.90E-02 

S5-3-SDXX0004-0-031008-0005 0 1.17E+03 J 6.23E+02 1.04E-01 1.04E-01 

S5-3-SDXX0005-0-031008-0005 0 2.41E+03 1.16E+03 1.93E-01 1.93E-01 

S6-0-SDXX0001-0-031009-0005 0 2.54E+03 J 1.21E+03 2.03E-01 2.03E-01 

S6-0-SDXX0002-0-031009-0005 0 1.76E+03 J 8.76E+02 1.46E-01 1.46E-01 

S6-0-SDXX0003-0-031009-0005 0 2.05E+03 J 1.00E+03 1.67E-01 1.67E-01 

S6-0-SDXX0004-0-031009-0005 0 5.18E+03 J 2.35E+03 3.92E-01 3.92E-01 

S6-0-SDXX0005-0-031009-0005 0 9.76E+03 J 4.32E+03 7.21E-01 7.21E-01 

S6-0-SDXX0006-0-031009-0005 0 1.36E+03 J 7.04E+02 1.18E-01 1.18E-01 

S6-0-SDXX0007-0-031009-0005 0 3.18E+03  1.49E+03 2.48E-01 2.48E-01 

S6-0-SDXX0008-0-031009-0005 0 3.62E+03 J 1.68E+03 2.80E-01 2.80E-01 

S6-0-SDXX0009-0-031009-0005 0 3.47E+01  1.35E+02 2.25E-02 2.24E-02 

S6-0-SDXX0009-1-031009-0005 1 3.21E+01  1.33E+02 2.23E-02 

S6-0-SDXX0010-0-031009-0005 0 5.09E+02 J 3.38E+02 5.65E-02 5.65E-02 

S6-0-SDXX0011-0-031009-0005 0 2.23E+02  2.16E+02 3.60E-02 3.60E-02 

S6-0-SDXX0012-0-031009-0005 0 1.98E+02 2.05E+02 3.42E-02 3.42E-02 

S7-0-SDXX0001-0-031010-0005S7 0 SDXX0001 0 031010 0005 00 1 32E+02 1.32E+02 1 76E+02 1.76E+02 2 94E-022.94E 02 2 94E-022.94E 02 

S7-0-SDXX0002-0-031010-0005 0 3.49E+01 J 1.35E+02 2.25E-02 2.25E-02 

S7-0-SDXX0003-0-031010-0005 0 1.55E+03 J 7.87E+02 1.31E-01 1.31E-01 

S7-0-SDXX0004-0-031010-0005 0 1.07E+03 J 5.79E+02 9.67E-02 9.67E-02 

S7-0-SDXX0005-0-031010-0005 0 4.74E+02  3.23E+02 5.40E-02 5.40E-02 

S7-0-SDXX0006-0-031010-0005 0 1.31E+02  1.76E+02 2.94E-02 2.94E-02 

S7-0-SDXX0007-0-031010-0005 0 1.27E+02 1.74E+02 2.91E-02 2.91E-02 

S7-0-SDXX0008-0-031010-0005 0 1.70E+02 1.93E+02 3.22E-02 3.22E-02 

S7-0-SDXX0009-0-031010-0005 0 2.31E+02 2.19E+02 3.66E-02 3.66E-02 

S7-0-SDXX0010-0-031010-0005 0 8.00E+01  1.54E+02 2.57E-02 2.57E-02 

S7-0-SDXX0010-1-031010-0005 1 7.87E+01  1.53E+02 2.56E-02 

S7-0-SDXX0011-0-031010-0005 0 6.17E+01 1.46E+02 2.44E-02 2.44E-02 

S7-0-SDXX0012-0-031010-0005 0 3.53E+02  2.72E+02 4.54E-02 4.54E-02 

S7-0-SDXX0013-0-031010-0005 0 3.14E+01  1.33E+02 2.22E-02 2.22E-02 

S7-0-SDXX0014-0-031010-0005 0 5.87E+01  1.45E+02 2.42E-02 2.42E-02 

S7-0-SDXX0015-0-031010-0005 0 1.18E+01  1.25E+02 2.08E-02 2.08E-02 

S7-0-SDXX0016-0-031010-0005 0 2.17E+02 J 2.13E+02 3.56E-02 3.56E-02 

S8-1-SDXX0001-0-031009-0005 0 9.82E+01  1.62E+02 2.70E-02 2.65E-02 

S8-1-SDXX0001-1-031009-0005 1 8.40E+01  1.56E+02 2.60E-02 

S8-2-SDXX0001-0-031009-0005 0 6.00E+02 J 3.78E+02 6.31E-02 6.31E-02 

S8-2-SDXX0002-0-031009-0005 0 1.19E+03 J 6.32E+02 1.06E-01 1.06E-01 

S8-2-SDXX0003-0-031009-0005 0 9.99E+02 J 5.49E+02 9.17E-02 9.17E-02 

S8-2-SDXX0004-0-031009-0005 0 2.03E+02  2.07E+02 3.45E-02 3.45E-02 

S8-2-SDXX0005-0-031009-0005 0 7.30E+01  1.51E+02 2.52E-02 2.52E-02 

S8-2-SDXX0006-0-031009-0005 0 1.06E+02  1.65E+02 2.76E-02 2.76E-02 

S8-2-SDXX0007-0-031017-0005 0 7.33E+02 J 4.35E+02 7.26E-02 7.26E-02 

S8-2-SDXX0008-0-031017-0005 0 8.48E+02 J 4.84E+02 8.08E-02 8.08E-02 

S8-2-SDXX0009-0-031017-0005 0 3.89E+02 J 2.87E+02 4.79E-02 4.79E-02 

S8-3-SDXX0001-0-031009-0005 0 6.76E+02 J 4.10E+02 6.85E-02 6.85E-02 

S8-3-SDXX0002-0-031009-0005 0 1.39E+02  1.79E+02 3.00E-02 3.00E-02 

S8-3-SDXX0003-0-031009-0005 0 9.92E+01 1.62E+02 2.71E-02 2.71E-02 

S9-0-SDXX0001-0-031009-0005 0 9.38E+02 J 5.23E+02 8.74E-02 8.74E-02 

S9-0-SDXX0002-0-031009-0005 0 1.62E+03 J 8.18E+02 1.37E-01 1.37E-01 

S9-0-SDXX0003-0-031009-0005 0 1.90E+03 J 9.36E+02 1.56E-01 1.56E-01 

S9-0-SDXX0004-0-031009-0005 0 1.44E+03 J 7.38E+02 1.23E-01 1.23E-01 

S9-0-SDXX0005-0-031009-0005 0 1.07E+03 J 5.81E+02 9.70E-02 9.70E-02 
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Table G-1 

Surficial Sediment Sample Concentrations and Associated Estimated Emergent Insect Concentrations 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sediment Sample ID QC 

Total Mercury Concentration 

Sediment 

(µg/kg DW) 

Emergent Insects 

(µg/kg DW)
a 

(mg/kg WW)
b 

Averaged (mg/kg WW)
c 

S9-0-SDXX0006-0-031009-0005 0 1.27E+03 J 6.67E+02 1.11E-01 1.11E-01 

S9-0-SDXX0007-0-031009-0005 0 1.47E+03 J 7.50E+02 1.25E-01 1.25E-01 

S9-0-SDXX0008-0-031009-0005 0 1.18E+03 J 6.27E+02 1.05E-01 1.05E-01 

S9-0-SDXX0009-0-031009-0005 0 4.35E+02 J 3.07E+02 5.12E-02 5.35E-02 

S9-0-SDXX0009-1-031009-0005 1 4.98E+02 J 3.34E+02 5.57E-02 

S9-0-SDXX0010-0-031009-0005 0 7.70E+02 J 4.51E+02 7.53E-02 7.53E-02 

SR-0-SDXX0001-0-031013-0005 0 1.16E+02 1.69E+02 2.83E-02 2.83E-02 

SR-0-SDXX0002-0-031013-0005 0 5.76E+01 1.44E+02 2.41E-02 2.41E-02 

SR-0-SDXX0003-0-031013-0005 0 2.98E+02 J 2.48E+02 4.14E-02 4.14E-02 

SR-0-SDXX0004-0-031013-0005 0 7.34E+01 1.51E+02 2.52E-02 2.52E-02 

SR-0-SDXX0005-0-031013-0005 0 2.56E+02 J 2.30E+02 3.83E-02 3.83E-02 

SR-0-SDXX0006-0-031013-0005 0 3.83E+02 J 2.84E+02 4.75E-02 4.82E-02 

SR-0-SDXX0006-1-031013-0005 1 4.02E+02 J 2.92E+02 4.88E-02 

S3-1-SDCM0081-0-051011-0005 0 2.72E+03 1.29E+03 2.15E-01 2.07E-01 

S3-1-SDCM0081-1-051011-0005 1 2.50E+03 1.20E+03 2.00E-01 

S3-1-SDCR0081-0-051012-0005 0 4.07E+03 1.87E+03 3.12E-01 3.12E-01 

S3-2-SDCM0051-0-051011-0005 0 1.91E+04 8.33E+03 1.39E+00 1.39E+00 

S3-2-SDCM0061-0-051011-0005 0 6.76E+03 3.03E+03 5.05E-01 5.05E-01 

S3-2-SDCM0071-0-051011-0005 0 4.82E+03 2.19E+03 3.66E-01 3.66E-01 

S3-2-SDCR0051-0-051012-0005S3 2 SDCR0051 0 051012 0005 00 2 27E+04 2.27E+04 9 88E+03 9.88E+03 1 65E+00 1.65E+00 1 65E+00 1.65E+00 

S3-2-SDCR0061-0-051012-0005 0 2.43E+04 1.06E+04 1.76E+00 1.76E+00 

S3-2-SDCR0071-0-051012-0005 0 1.55E+04 6.77E+03 1.13E+00 1.13E+00 

S3-3-SDCM0011-0-051011-0005 0 1.41E+04 6.18E+03 1.03E+00 1.03E+00 

S3-3-SDCM0021-0-051011-0005 0 2.80E+04 1.21E+04 2.03E+00 2.03E+00 

S3-3-SDCM0031-0-051011-0005 0 2.81E+04 1.22E+04 2.04E+00 2.04E+00 

S3-3-SDCM0041-0-051011-0005 0 2.12E+04 9.22E+03 1.54E+00 1.58E+00 

S3-3-SDCM0041-1-051011-0005 1 2.22E+04 9.68E+03 1.62E+00 

S3-3-SDCR0011-0-051012-0005 0 2.33E+04 1.01E+04 1.69E+00 1.69E+00 

S3-3-SDCR0021-0-051012-0005 0 2.98E+04 1.29E+04 2.16E+00 2.16E+00 

S3-3-SDCR0031-0-051012-0005 0 3.47E+04 1.50E+04 2.51E+00 2.51E+00 

S3-3-SDCR0041-0-051012-0005 0 1.39E+04 6.10E+03 1.02E+00 1.02E+00 

S3-3-SDXX0001-0-051011-0005 0 9.14E+03 4.05E+03 6.76E-01 6.76E-01 

S7-3-SDXX0001-0-051012-0005 0 2.46E+03 1.18E+03 1.97E-01 1.97E-01 

S7-3-SDXX0002-0-051012-0005 0 3.00E+03 1.41E+03 2.35E-01 2.35E-01 

S7-3-SDXX0003-0-051012-0005 0 2.47E+03 1.18E+03 1.97E-01 1.97E-01 

S7-3-SDXX0004-0-051012-0005 0 1.75E+03 8.71E+02 1.46E-01 1.68E-01 

S7-3-SDXX0004-1-051012-0005 1 2.37E+03 1.14E+03 1.90E-01 

a 2
Calculated using the following regression equation published by Naimo et al. (2000):  y=119.64+0.43(x); (r =0.84). 

Where:  x = sediment concentration in µg/kg DW. 
b
Calculated assuming an 83.3% water content in benthic invertebrates (EPA, 1999). 

Data "averaged" as in Section 2.4.1.2.  QC values of 1 indicate field duplicate. 
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Table G-2 

Summary of tHg Concentrations in Emergent Insects
a 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Chemical n 
b 

Range of Calculated 

Concentrations 

(mg/kg WW) 

Arithmetic Mean 

Concentration 

(mg/kg WW) 

Median 

(mg/kg WW) 

Standard 

Deviation 

(mg/kg WW) 

Reach 1 

Total Mercury 5 2.92E-02 - 2.46E-01 8.05E-02 4.31E-02 9.29E-02 

Reach 2 

Total Mercury 12 2.04E-02 - 7.13E-01 1.66E-01 5.12E-02 2.31E-01 

Reach 3 

Total Mercury 40 1.15E-01 - 3.24E+00 1.10E+00 9.23E-01 8.32E-01 

Reach 4 

Total Mercury 11 7.90E-02 - 1.14E+00 4.93E-01 5.62E-01 3.34E-01 

Reach 5 

Total Mercury 11 2.31E-02 - 2.50E-01 9.12E-02 8.76E-02 6.42E-02 

Reach 6 

Total Mercury 12 2.23E-02 - 7.21E-01 2.02E-01 1.57E-01 1.99E-01 

Reach 7 

Total Mercury 16 2.08E-02 - 1.31E-01 4.12E-02 2.94E-02 3.04E-02 

Reach 7 - Heard Pond 

Total Mercury 4 1.68E-01 - 2.35E-01 1.99E-01 1.97E-01 2.77E-02 

Reach 8 

Total Mercury 13 2.52E-02 - 1.06E-01 5.39E-02 4.79E-02 2.80E-02 

Reach 9 

Total Mercury 10 5.12E-02 - 1.56E-01 1.07E-01 1.08E-01 3.03E-02 

Reach 10 

Total Mercury 10 2.38E-02 - 1.28E-01 5.83E-02 4.96E-02 3.47E-02 

Charles River 

Total Mercury 7 2.99E-02 - 4.45E-02 3.70E-02 3.58E-02 5.24E-03 

Sudbury Reservoir 

Total Mercury 6 2.41E-02 - 4.88E-02 3.43E-02 3.33E-02 9.80E-03 

a 
See section 3.2.1 for calculation method. 

b 
N is based on the number of sediment samples in each reach;


duplicates at a location were put through the regression equation then averaged and considered one sample.


mg/kg = Milligrams per kilogram


NA = Not applicable.
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one focused on quantifying the effects of Hg tissue residue levels on survival, growth, and reproduction in fish, 
birds and mammals.  The second one focused on the interactions between concentrations of mercury in 
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1.0 INTRODUCTION

On February 19, 2003, EPA issued TDF No. 870, requesting ESAT to perform an in-depth literature 
search to establish links between mercury (Hg) residue levels in whole fish, fur, feathers and blood, and 
endpoints related to mortality, growth and/or reproduction.  The target receptors were fish, birds and 
mammals. The TDF was modified on March 27, 2003 to include a request for ESAT to start a second 
literature search to determine the interactions between Hg in sediment and Hg concentrations measured in 
associated aquatic receptors. On April 16, 2003, the TDF was modified again to change the completion date 
to May 13, 2003 and to include a meeting between ESAT and the TOPO. 

Historical discharges from the Nyanza Chemical Superfund Site in Ashland, MA has contaminated 
sediments along a 26 mile stretch of the Sudbury River. Recently, EPA initiated a field study along sections of 
the river to quantify potential risks to fish and wildlife receptors exposed to Hg in their food.  The overall goal of 
the field work is to generate site-specific exposure data for use in a refined baseline ecological risk 
assessment (BERA). 

The information generated under this TDF is expected to support these efforts in two general ways: 

· develop toxicity data to be used in the effects assessment of the Sudbury River refined BERA, and 
· select physical and chemical variables which should be measured in sediments to help quantify the 

relationship between measured Hg tissue residue levels in aquatic receptors and Hg levels in co-
located sediments. 

This technical memorandum is organized as follows: section 2.0 summarizes the results of the 
literature review relating Hg tissue residue levels to effects in fish and wildlife receptors, section 3.0 
summarizes the results of the literature review on the interaction between Hg levels in sediments and Hg 
uptake in aquatic receptors, and section 4 provides an overall summary and conclusions. 

2.0 LINKING Hg TISSUE RESIDUE LEVELS TO ECOLOGICAL EFFECTS IN WILDLIFE RECEPTORS

2.1 Introduction

A large body of literature has been published linking concentrations of Hg in animals to effects 
measured at the level of cells, tissues, organs, organisms or populations. The goal of the literature search 
was to focus narrowly on a few receptors, tissues and endpoints of direct relevance to the Sudbury River 
BERA. The available information was then summarized in a Lotus Spreadsheet database (see Section 2.2.4.2 
for details on the database) 

2.2 Selecting Receptors, Tissues and Endpoints

2.2.1 Selecting Receptors

2.2.1.1 Fish Receptors

Fish receptors of interest to the BERA include top fish carnivores (e.g., largemouth bass) and smaller 
forage species (e.g., white perch, suckers, minnows) consumed by piscivorous wildlife or top fish carnivores. 
As a result, the literature review focused mainly on freshwater fish species, whether they were likely to be 
present in the Sudbury River or not.  The aim was to provide a range of Hg tissue residue - effects data for use 
in the effects assessment of the BERA. A salt water species (mummichog, Fundulus heteroclitus) was 
included because high quality data were available for a multi-generational reproductive study. In addition, data 
on the larval stage of an amphibian (Xenopus laevis) was included with tissue residue concentrations linked to 
effects on embryonic development. 

2.2.1.2 Wildlife Receptors
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The wildlife receptors of concern to the Sudbury River BERA include the belted kingfisher (Ceryle 
alcyon), hooded merganser (Lophodytes cucullatus), tree swallow (Tachycineta bicolor), mink (Mustela vison), 
and short-tailed shrew (Blarina brevicauda). 

Mink was the only target species for which data were available to directly link effects to Hg tissue 
residue levels. To cover the other four wildlife receptors, data on various species of mammals and birds were 
included in the database. For birds, the focus was on species known to feed and/or nest along freshwater 
aquatic habitats. However, studies on birds which feed or nest in estuarine or marine environments were 
included if they provided useful information. The aim was to develop a comprehensive database for use in the 
effects assessment of the BERA. 

2.2.2 Selecting Tissues for Hg Analyses 

2.2.2.1 Fish Receptors

Fish are to be collected from various sections of the Sudbury River and processed for tissue residue 
analysis for use in the BERA. The literature review focused on obtaining data which linked effects in fish to 
whole body Hg levels. The alternatives were to collect data linking effects in fish to Hg levels measured in 
muscle (= fillets) or eviscerated whole body, since muscle represents a large fraction of total body weight. The 
following types of studies were not included in the database: 

· Studies which linked effects to Hg residue levels in one or more internal organs (e.g., liver, gonads, 
gills) but not to muscle or whole (eviscerated) body residue levels. 

· Studies which reported measured Hg levels in whole (eviscerated) body or muscle but did not link 
those concentrations to effects in fish; this step eliminated a large body of literature pertaining to local 
or regional fish Hg surveys. 

· Studies which reported effects to fish and the exposure concentrations in the water, but not fish tissue 
residue levels; this step eliminated a large body of toxicity testing literature. 

2.2.2.2 Wildlife Receptors

EPA plans to use non-lethal approaches to collect tissue samples from wildlife receptors along the 
Sudbury River.  As a result, the literature review focused on articles providing a link between effects and Hg 
residue levels for the following tissues: 

· birds: blood, feathers, and eggs 
· mammals: blood and fur 

Published Hg residue data were excluded if they pertained to body parts which could only be obtained 
by killing a wildlife receptor. This requirement eliminated a large amount of literature related to Hg 
concentrations in brains, muscles, livers, kidneys or other internal organs collected from birds or mammals. 

Studies were included if they reported on background levels of Hg in eggs, blood, feathers or fur.  The 
reason for the inclusion is that those background data were assumed not to be associated with effects and 
thus could potentially be used to represent concentrations indicative of conservative no observed effect levels. 

Numerous bird and mammal feeding studies have been published in which no tissue samples were 
collected. Instead, researchers were interested in linking dietary intake directly to one or more effects 
endpoints . Such studies were included in the database with the understanding that the published Hg intake 
effects data could be useful to compare against modeled daily doses in wildlife receptors calculated on the 
basis of contaminated food items (e.g., benthic invertebrates, fish, flying insects) collected from the Sudbury 
River. 

2.2.3 Selection of Endpoints
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The focus of the planned Sudbury River BERA is expected to be on population-level endpoints.  It was 
therefore decided to ignore endpoints if they occurred at a level of organization below that of the whole 
organism. Examples of such endpoints included various blood parameters (e.g., hematocrit, ratio of red to 
white blood cells, leucocyte counts), concentrations of hormones, genetic damage, tissue-level damage, or 
organ-level damage. The reason for this approach is that it would be a challenge to link effects observed at 
the sub-organism level to population-type responses of interest to the BERA. 

For both fish and wildlife receptors, the categories of endpoints of interest included behavioral 
changes (Hg is a potent neurotoxin), mortality within and across generations, whole organism growth, or 
reproduction. Depending on the study and the receptor species, the last category included a wide array of 
responses, such as fertility, clutch size, embryo implantation success, number of offspring per exposed 
female, or sex ratios. 

2.3 Literature Search Strategy

2.3.1 Database Searching

Three electronic databases were queried for journal references and/or data. 

· The ERED Database (http:/www.wes.army.mil/el/ered) 

The ERED (Environmental Residue Effect Database) is a web-based resource jointly developed by 
the U.S. Army Corps of Engineers and the U.S. Environmental Protection Agency.  It uses published literature 
to summarize data linking biological effects to tissue contaminant concentrations in aquatic organisms. 

· TOXNET (http://toxnet.nlm.nih.gov) 

TOXNET is a database maintained by the National Library of Medicine at the National Institute of 
Health.  This comprehensive resource is freely available to the general public.  It contains tens of thousands of 
references (titles + abstracts) obtained from human toxicological and ecotoxicological literature sources. 

· Environment Abstract 

Environment Abstract is a database maintained on EPA’s Intranet.  It includes a large collection of 
references dealing with a range of environmental issues, including contaminant uptake. 

The searches generated between zero and several hundred returns, depending on the species group 
or database. Each reference title was read to determine its potential relevance to this project. An article was 
copied if its title or abstract (if available) looked promising. 

An additional hard copy database (Jarvinen and Ankley, 1999) was included as part of the initial 
search. This 358 page report summarizes a large amount of information linking effects of numerous organic 
and inorganic contaminants, including Hg, to tissue residue levels measured in aquatic organisms. 

2.2.3 Data compilation

References of potential interest were entered into a master list.  Articles were copied at local 
university libraries.  A smaller subset of papers was obtained via EPA’s Region I Library in downtown Boston. 
All articles were reviewed to determine if they contained data useful to the project. A secondary search 
consisted of visually scanning the reference section of each publication to determine if it contained articles of 
potential interest. Those additional articles were also obtained and included in the master reference list.  No 
articles published prior to 1970 were included in the database. 

All the articles obtained and read for this project can be found in Attachment 1. This attachment also 
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provides the complete references for the data entered in the Hg tissue residue level - effects database.  The 
number of papers identified by reviewing the reference section at the end of each article became too large to 
copy, read and summarize within the available time. For the sake of completeness, however, those articles of 
potential interest are provided in Attachment 2. This additional information may become useful in the future if 
specific data gaps are identified (see last bullet in Section 2.2.4.4) 

2.2.4 The Hg Tissue Residue Level - Effects Database 

The Hg tissue residue level - effects database is appended to this memorandum as Attachment 3. 
The data for fish, birds and mammals were entered on separate sheets for easy viewing and retrieval. 

2.2.4.1 Database Structure

The database contains the following column headings: 

· test species: common and scientific name of the target species 

· life stage: the age or size of the test organisms at the time of exposure 

· chemical tested: if applicable, the chemical name of the Hg compound used in exposure.  Most 
studies used inorganic mercuric chloride or organic methyl mercuric chloride. 

· exposure route: the route by which the organisms were exposed to Hg 

· test duration: if applicable, the exposure duration 

· tissue analyzed: if applicable, the specific tissue(s) analyzed for Hg concentration in the study (NOTE: 
only tissue residue data on eggs, feathers, fur and blood were included in the database) 

· tissue residue level: if applicable, the concentration of Hg in the analyzed tissue, reported as dry 
weight (DW) or wet weight (WW) 

· effect: if available, the specific toxicological effect(s) associated with the measured tissue residue 
level 

·	 reference: author name and publication date (full reference available from Attachment 1) 

·	 comment: describes the tables and/or figures from which the data were obtained, together with 
additional comments pertaining to the study or data 

2.2.4.2 Database Content

Table 1 provides an synoptic overview of the Hg tissue residue - effects database. It clearly shows the 
depth and breadth of the available information.  The difference between the number of references read and 
those entered in the database is because some journal articles did not contain information useful to the 
database. For example, an article on mammals collected in the field may have provided residue data on 
internal organs but not on blood or fur. All the articles not entered in the database were retained for potential 
use in the future. 

Table 1: Overview of the Tissue Residue - Effects Database 

Receptor Group # of Articles Read # of Articles in # of Species in # of Individual Data 

Database Database Points in Database 
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Table 1: Overview of the Tissue Residue - Effects Database 

Receptor Group # of Articles Read # of Articles in # of Species in # of Individual Data 

Database Database Points in Database 

fish 48 32 21 83 

birds 54 34 20 121 

mammals 40 24 10 101 

TOTAL 142 90 51 305 

Many studies in the database provided information on multiple endpoints.  Only the one or two most 
conservative endpoints of direct relevance to the TDF were included. This approach was conservative and 
avoided extraneous data which would be of little use in the Sudbury River BERA. 

a. Fish 

The database covers 21 fish species and 83 data points.  The data pertain to both cold water (e.g., 
rainbow trout, brook trout, grayling) and warm water (e.g., fathead minnow, catfish, pike) species.  Mercury 
compounds used in laboratory exposure studies included both inorganic (mainly mercuric chloride) and 
organic (mainly methyl mercuric chloride) forms. The life stages ranged from embryos to adults.  Depending 
on the study, the exposure durations lasted from days and weeks to months and years.  Fish were exposed 
mainly through diet, water, maternal transfer to eggs, or a combination of the above. A few studies dosed the 
test organisms using intraperitoneal injections. 

Several studies are of particular interest because they looked at reproductive effects or the impact of 
early life stage exposures on behavioral responses later on in life. Some of those studies are highlighted 
below. 

· McKim et al. (1976) exposed three consecutive generations of brook trout to methyl mercury in water 
and via the transfer of Hg from females into their eggs.  The authors reported 100% mortality three 
weeks after hatching in third generation alevins containing an average whole body concentration of 
2.2 ug/g Hg (wet weight, WW) 

· Snarski and Olson (1982) exposed fathead minnows continuously to mercuric chloride in water from 
the larval stage through reproduction. The authors reported reproductive impairment in females with 
an average whole body Hg concentration of 1.36 ug/g (WW). 

· Matta et al. (2001) exposed adult mummichogs to methyl mercuric chloride continuously via their diet 
for 102 days. A skewed sex ratio in offspring was observed for parent females containing an average 
concentration of 1.1 ug/g Hg (whole body, WW).  Survival of parent males decreased at an average 
whole body Hg concentration of 0.47 ug/g (WW). 

· Fjeld et al. (1998) exposed grayling eggs to four sublethal concentrations of methyl mercuric chloride 
in water for the first ten days of their development.  The surviving offspring were kept in clean water 
for three years before being tested for foraging efficiency and competitive ability. No behavioral 
effects were reported in the adult group which had an average whole body Hg concentration of 0.09 
ug/g (lowest exposure group) as newly hatched fry.  The groups of adult fish which had an average 
whole body Hg concentration of 0.27, 0.63 and 3.8 ug/g as newly hatched fry all showed a significant 
decrease in feeding efficiency and competitive ability as adults. 

b. Birds 
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The database covers 20 bird species and 121 data points. The data pertain various species, including 
loons, egrets, domesticated chickens, ducks, and several marine birds.  Most exposure studies used organic 
mercury administered as oral doses or through the diet. The life stages ranged from embryos in eggs to 
reproductive adults. Numerous papers did not report on laboratory-based dosage studies but instead 
compared concentrations of Hg measured in eggs, blood or feathers in wild birds to survival or various 
reproductive endpoints. 

Several studies are of particular interest because they looked at sensitive endpoints or covered 
species of interest to the Sudbury River BERA. Some specific examples are highlighted below. 

· Bishop et al. (1995) measured Hg levels in swallow eggs collected from four wetlands in Ontario. The 
average concentrations ranged from 0.043 to 0.079 ug/g Hg (WW) across sites.  Although the authors 
did not measure effects, they reported that the egg residue data were correlated to Hg concentrations 
in sediments collected in the vicinity of the swallow nests. 

· Heinz and Hoffman (2003) fed different concentrations of methyl mercuric chloride to adult mallard 
ducks to produce eggs with known Hg levels. The authors then hatched the eggs to determine the 
lowest Hg concentrations which would result in a significant impact to ducklings.  They reported (a) 
neurological signs of Hg poisoning in a duckling hatched from an egg containing 2.3 ug/g Hg (WW), 
(b) deformities in a duckling hatched from an egg containing 0.93 ug/g Hg (WW) and (c) hatchling 
failure in an egg containing 0.74 ug/g Hg (WW). 

· Heinz (1979) exposed mallard ducks for three consecutive generations to organic mercury in their 
diet. The author reported a significant reduction in the number of sound eggs per hen per day and in 
the number of one week old ducklings produced when hens had average Hg levels in primary feathers 
ranging from 9.07 to 11.17 ug/g (WW) and laid eggs with average concentrations between 0.79 to 
0.84 ug/g Hg (WW). 

· Sepulveda et al. (1999) obtained blood samples from 117 wild great egret chicks in the Everglades of 
Southern Florida. The average blood Hg level was 1.2 ug/g (WW) (range = 0.07 to 3.9 ug/g). The 
authors found no correlation between nestling survival or fledgling success and blood Hg levels. 

c. Mammals 

The database covers 10 mammal species, including the mink which is a target receptor for the 
Sudbury River BERA, and 101 data points.  Other species include rodents, river otters, house cats, and 
primates. Most exposure studies used organic mercury administered as oral doses, intraperitoneal injections 
or through the diet. The life stages ranged from pups to reproducing adults.  Numerous papers in the 
database did not describe laboratory-based dosage studies but instead reported background levels of Hg 
measured in fur of animals caught in the wild. 

Several studies are of particular interest because they pertain to mink or linked sensitive endpoints to 
tissues of interest to the Sudbury River BERA. Some specific examples are highlighted below. 

· 	 Halbrook et al. (1997) exposed adult female minks to different concentrations of methyl mercury in 
their diet for 180 days.  The authors reported no effect on litter size in females with average Hg 
concentrations in fur equal to 7.71 ug/g (WW). Litter size was significantly smaller in females with 
average Hg concentrations in fur equal to 19.03 ug/g (WW). 

· 	 Charbonneau et al. (1976) fed fish contaminated with Hg to adult cats for 2 years.  Cats with blood Hg 
levels ranging from 2 to 3.5 ug/g (WW) showed no treatment-related effects for the duration of the 
study. Cats with blood Hg levels ranging from 5 to 8.5 ug/g (WW) showed some neurological 
impairments which became apparent after 60 weeks of treatment. 

· 	 Burbacher et al. (1988) exposed adult female macaque monkeys to different concentrations of methyl 

6




mercury hydroxide in their diet for >1year. A significant decrease in the percentage of viable 
deliveries occurred when average steady state whole blood Hg levels exceeded 1.5 ug/g in exposed 
females. 

2.2.4.3 Database Limitations

The Hg tissue residue level - effects database will likely require additional manipulations before it can 
be used in support of the Sudbury River BERA. For example: 

· 	 Many of the feeding studies with birds and mammals reported Hg concentrations in the feed (mg 
Hg/kg food) instead of as a daily dose to the test organisms (mg Hg/kg body weight per day). The 
latter would be required to link modeled field exposures to effects in the BERA.  This is particularly so 
if a feeding study did not provide data linking endpoints of interest to egg, blood, feather or fur Hg 
concentrations. 

In principle, converting food concentrations to daily doses is straightforward. Information is required 
on species and age specific feeding rates and body weights. Such information should be available 
from the wildlife literature. There would be an added difficulty calculating daily doses from feed 
concentration if the weight of the test organisms changed significantly over time (e.g., multi
generational feeding studies or studies which dosed the test organisms from the juvenile stage 
through adulthood). Data from a number of articles summarized in the database would fall into this 
latter category. 

· 	 A number of the bird feeding studies used Hg-amended pelletized commercial feeds with moisture 
contents (<10%) which are not representative of the moisture content of natural food items. The feed 
intake numbers would need to be modified to account for a moister natural diet in order to calculate a 
realistic daily dose to the test organisms.  As in the previous comment, this issue is less of a concern 
if the study provides data linking endpoints of interest directly to egg, blood or feather Hg 
concentrations. 

· 	 A number of papers used increasing dosages and then reported differences in response based on 
statistical testing. Even though those results were not always reported in terms of no observed 
adverse effects levels (NOAEL) and lowest observed adverse effects levels (LOAEL), they could be 
used within that context. For numerous other studies in the database, however, the results were 
extrapolated from available tables and figures; those results were not necessarily supported by 
statistical testing. For such data, caution would be required about using the no effects and lowest 
effects terminology. This subtle but important difference should be kept in mind when considering 
future database improvements (see Section 2.2.4.4). 

· 	 Care should be taken when interpreting some of the fur data, in particular with results pertaining to 
short-term laboratory exposures. Aulerich et al. (1974) showed a complete disconnect between fur 
concentrations and effects in mink. The authors suggested that little hair growth had occurred during 
their 32 day exposure period. This issue would be less of a concern for long term feeding studies or 
for fur samples collected from wild animals. 

· 	 Depending on the study, tissue residue levels were provided as wet weight (WW) or dry weight (DW), 
or this distinction was not reported.  Whenever possible, WW or DW was recorded in the database. 
Before the data can be used in support of the Sudbury River BERA, all information should be 
standardized to either WW or DW. WW is recommended since most data are reported as WW. 
Several papers reported DW to WW ratios which could be used in such calculations. 

2.2.4.4 Future Database Improvements 

Several issues discussed in the previous subsection would need to be addressed before the Hg 
database can be used in support of an effects assessment.  Additional steps could be considered to make the 
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available information more user-friendly. 

· 	 Currently, the available data are presented by species within each receptor group. For birds and 
mammals, it might be useful to summarize the data by tissue type (eggs, blood, fur, feathers) and 
possibly by age and/or endpoint.  This approach would allow for a more detailed analysis of the Hg 
tissue residue data collected from the Sudbury River. 

· 	 Within each receptor group, it may be prudent to develop separate summaries on the effects of 
inorganic and organic mercury.  Several of the papers tested both forms on the same species and 
reported different responses. Methyl mercury is the compound of greatest concern because it is most 
likely to biomagnify in aquatic food webs. 

· 	 Where possible and applicable, the effects data should be separated from the no effects data. When 
practical, no effect levels could be calculated when only effects data are available. 

· 	 If sufficient information is available, the no effect and effect data could be plotted out by receptor/age 
group and tissue type to develop statistical distributions. Those distributions could be used to (a) 
estimate the 95th percentile upper confidence limits (UCLs) and/or (b) overlay tissue residue levels 
measured in receptors collected from the Sudbury River.  This type of analysis would help to visualize 
the degree of overlap between tissue residue levels and concentrations resulting in an effect. Such 
graphs can be generated using the SigmaPlot software package (note: Stan Pauwels from ESAT 
owns a copy of this software and is familiar with its use).  

· 	 Finally, significant data gaps may become apparent as a result of the refinement steps outlined in this 
subsection. If this turns out to be the case, it might be useful to revisit the additional references 
provided in Attachment 2 and identify articles which could be used to fill some of those gaps. 

3.0 FACTORS LINKING Hg IN SEDIMENTS TO Hg UPTAKE IN AQUATIC FOOD WEBS

3.1 Introduction

One of the goals of the remedial investigation on the Sudbury River is to help predict the relationship 
between Hg tissue residue levels in target species and Hg concentrations in surficial sediments.  If significant 
risks were to be identified in one or more receptors as a result of the exposure characterization, it may become 
necessary to back-calculate a safe Hg level in surficial sediments. 

Two general approaches can be envisioned to accomplish this goal: food web modeling and statistical 
correlations. 

· 	 Food web modeling attempts to quantify the links connecting Hg in sediments or surface water to Hg 
in biota at different trophic levels. Such an approach can be data intensive because large amounts of 
site and species specific information may be required to calibrate the model and ensure that it can 
reasonably predict the current or future concentrations of Hg in the biotic and abiotic components of 
an aquatic ecosystem. 

Input parameters to food web models may include one or more of the following: various biological rate 
constants (e.g., feeding, growth, metabolism), species-specific food assimilation efficiencies, prey 
composition for species at different ages, contaminant diffusion rates and transfer factors, or lipid 
content. If all the required data can be obtained, however, then a calibrated food web model can be a 
powerful tool to investigate alternative risk scenarios (e.g., Evans and Engel, 1994; Leonard et al., 
1995; Burns et al., 1997). 

· 	 A statistical approach does not need to define up front the steps which connect Hg in sediment or 
surface water to biota. Instead, the ecosystem is viewed as a black box. The linkages are quantified 
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based on statistical analyses (e.g., multiple regression analysis, principal component analysis) using 
site-specific physical, chemical and tissue residue data (e.g., Sorensen et al., 1990; Jackson, 1991; 
Tremblay et al., 1995; Snodgrass et al., 2000). 

This approach can be less data intensive and more straightforward than food web modeling. 
However, the relative simplicity of statistical modeling and the high complexity of Hg cycling in aquatic 
environments makes such an empirical approach very site- or region-specific and potentially less 
flexible than food web modeling when investigating risk scenarios. 

Based on discussions with EPA, it is ESAT’s understanding that EPA is mainly interested in exploring 
the second approach for potential use in deriving risk-based cleanup goals for Hg in affected sections of the 
Sudbury River. The remainder of section 3 outlines the literature search and summarizes the key results of 
the review. 

3.2 Literature Search Strategy

The initial search profile focused on identifying papers which quantified the interaction between total 
Hg (TotHg) or methyl mercury (MeHg) in sediments and TotHg or MeHg measured in various components of 
aquatic food webs (specifically, invertebrates and fish).  The search was expanded to include papers which 
discussed the connection between Hg in surface water and aquatic receptors. The reason was that the link 
between sediment Hg and biota Hg was not as strong as expected and seemed to include a strong surface 
water component (see Section 3.3 for additional details) 

3.2.1 Database Searching

To start the search, the National Library of Medicine’s TOXNET and EPA’s Environment Abstract 
online data bases were queried for references linking Hg in sediments to Hg in aquatic receptors. As 
requested by EPA, the search was limited to articles published from 1995 to the present. The searches 
generated between zero and several hundred returns, depending on the search parameters and the data base 
used. Each title was read to determine its potential relevance to this review. 

3.2.2 Data compilation

References of potential interest were entered into a master list. Most articles were copied at a local 
university library.  A subset was obtained from the EPA Region 1 Library in downtown Boston. All copied 
articles were read to determine if they contained data useful to the review. A secondary search consisted of 
visually scanning the reference section of each copied publication to determine if it contained articles of 
potential interest. The purpose was to identify a greater set of studies published in the 1990's. Those 
additional articles were also obtained if time permitted. Attachment 4 provides the full references for the 28 
articles which were collected and read for this review. 

Several articles were ordered via the EPA Library but did not arrive before the completion date of this 
review. Also, not all the articles identified by reviewing reference sections could be copied, read and 
summarized within the available time. For the sake of completeness, Attachment 5 provides the references for 
articles of potential interest but not read for this review.  These articles may become useful in the future if 
specific data gaps are identified. 

3.3 Findings

Eleven papers were found which provided useful data.  Three of those papers were particularly 
relevant because they pertained to the Sudbury River itself. Attachment 6 provides an overview of those 
eleven papers. The papers were summarized in terms of the nature of the aquatic system (e.g., lakes, 
reservoirs, rivers, wetlands, estuaries), the key measured variables (physical, chemical, biological), and 
detailed comments regarding the variables which did or did not predict the link between Hg in sediment or 
surface water and in biota. Attachment 4 provides the full references for the articles discussed in Attachment 
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6. It should be noted that many more articles than those summarized in Attachment 6 were read for this effort. 

Several broad themes became readily apparent during the review process: 

· 	 Most authors used regression analyses to link physical, chemical and/or biological variables to Hg 
levels measured in aquatic receptors. The reason probably is that it is relatively straightforward to 
establish correlations among measured variables versus building predictive quantitative models. 

· 	 Regression equations developed for one system do not apply to another because of large intrinsic 
variations in the physical and chemical nature of aquatic ecosystems and their surrounding 
landscapes. However, the predictor variables selected by various regression analyses can provide 
insights to the processes regulating Hg uptake in aquatic food chains. 

· 	 Variables associated with wetlands consistently correlated with the presence of MeHg in sediment 
and surface water, and the uptake of MeHg in aquatic biota. 

· 	 The link between Hg in aquatic biota and TotHg in sediment is obscured by the fact that (a) MeHg in 
surface water does not necessarily correlate to TotHg in co-located sediment samples and (b) MeHg 
in surface water appears to be closely linked to Hg levels in aquatic biota.  MeHg production is a 
function of the physical and chemical conditions at the sediment-water interface instead of TotHg 
levels in sediments. Conditions which favor MeHg production in sediments include high organic 
content and low oxygen concentration. Such conditions are common in organic-rich wetlands and 
don’t have to be associated with sediments enriched with TotHg. 

· 	 The link between Hg in sediments and biota at different trophic levels was not consistent. For 
example, Sorensen et al. (1990), Tremblay et al. (1995), Beckvar et al. (2000) and Naimo et al. (2000) 
were unable to statistically relate Hg in sediments to Hg in northern pike, zooplankton, implanted 
mussels and mayflies, respectively. 

On the other hand, Jackson (1991), Becker and Bigham (1995), and Brumbaugh et al. (2001) found 
moderate to strong statistical links between Hg in sediments and Hg measured in walleyes, 
amphipods and chironomids, and largemouth bass, respectively. Variations in site-specific physical 
and chemical conditions, habitat preferences, species-specific feeding habits and trophic levels all 
seemed to affect species-specific Hg concentrations. 

· 	 Hg concentration in surface water was repeatedly identified as a strong correlate to Hg levels in 
aquatic biota. This was so even when Hg in sediments was a significant explanatory factor by itself. 

This finding could have strong implications to the Sudbury River remedial investigation. Beckvar et al. 
(2000) and Naimo et al. (2000) reported that Hg uptake patterns in mussels and mayflies exposed to 
Sudbury River sediments were better explained based on surface water Hg levels instead of sediment 
Hg levels. Haines et al. (1997) also alluded to this fact to explain the Hg concentration patterns they 
observed in largemouth bass caught upstream and downstream from the Nyanza Chemical 
Superfund site on the Sudbury River. 

3.4 Key Sediment Variables to Consider for Analysis in Sudbury River Sediments 

3.4.1 Introduction

The preponderance of the evidence summarized in Attachment 6 and gleaned from other references 
in Attachment 4 suggests a note of caution about the strength of the link between Hg in sediment and Hg in 
aquatic biota. For example, Haines et al. (1997) remarked that the pathway by which MeHg reaches aquatic 
organisms may be disconnected from the sediments.  Mason and Lawrence (1999) made the following 
statement: 
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“As a result of the decoupling between TotHg and MeHg concentration and bioavailability in surface 
sediments, any remedial evaluation of bioavailability and/or toxicity which is based only on TotHg 
concentration is unlikely to provide a reliable prediction” . 

These remarks lead to two general observations: 

· 	 The amount of Hg in sediments represents only one of several factors which could control Hg levels in 
aquatic biota. Other factors may include variables affecting microbial processes at the sediment-
water interface (e.g., redox potential, organic carbon content), the bioavailability of dissolved Hg in 
surface water (e.g., dissolved organic carbon), the food chain structure (pelagic vs. benthic), the 
amount of wetlands bordering a body of water, and the rate of atmospheric deposition within a 
watershed. 

· 	 It could be a challenge to back-calculate reasonable sediment Hg remedial goals for the Sudbury 
River system if other variables not directly related to sediment Hg concentration are responsible for a 
significant portion of the total Hg load measured in aquatic biota. For example, Brumbaugh et al. 
(2001), stated, on the basis of a nationwide survey, that the best model for predicting Hg 
bioaccumulation in bass included MeHg in surface water, water pH, % wetlands in basin, and AVS of 
sediments. However, those 4 variables together explained less than 50% of the observed variability 
of Hg in fish fillets. 

With these caveats in minds, the next subsection identifies the major physical and chemical variables 
which seem to be important in controlling Hg uptake in aquatic biota. 

3.4.2 Suggested variables for analysis in sediments 

The available evidence indicates that the methylation of inorganic Hg occurs primarily at the sediment-
water interface and is enhanced by high organic content, low dissolved oxygen tension, and low pH. A 
number of variables, besides TotHg and MeHg,  have reportedly been measured to quantify those conditions, 
including: 

· total organic carbon (TOC) 

· loss on ignition (LOI) 

· acid volatile sulfides (AVS) 

· sulfides 

· sulfates 

· NaOH-extractable Fe 

· dissolved oxygen content 

· Eh (redox potential) 

· pH 


As previously described, it is open to question if these sediment-related factors by themselves would 
account for most of the variation in Hg content measured in aquatic biota.  It would be prudent therefore to 
include one or more of the following surface water variables: 

· TotHg 
· MeHg 
· pH 
· dissolved organic carbon (DOC) 
· total organic carbon (TOC) 

Finally, an estimate of the amount of wetlands bordering a body of water of interest might also prove 
to be a strong correlate to Hg concentrations in aquatic biota collected from the Sudbury River due to the 
enhanced Hg methylation rates reported in wetland habitats. 
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4.0 SUMMARY AND CONCLUSIONS

Two major literature reviews were initiated in support of the ongoing activities at the Nyanza Chemical 
Superfund site. The first review focused on obtaining information to construct a database linking Hg residue 
levels in whole fish, feathers, eggs, fur or blood to effects reported in target receptors.  The second review 
focused on identifying key sediment variables which have been shown to correlate with tissue residue levels in 
aquatic receptors. 

The major points of the first literature review can be summarized as follows: 

· A total of 142 articles were obtained and read; 90 of those articles contained information which was 
entered in a tissue residue - effects database. 

· The Hg tissue residue - effects database includes 51 species of fish, birds and mammals and over 
300 individual data points. 

· Data were available from laboratory feeding studies and natural diets. 
· The endpoints of interest related to survival, growth and reproduction. 
· When available, those endpoints were linked to Hg tissue residue concentrations measured in fish 

muscle or whole body; feathers, eggs and blood in birds; and fur and blood in mammals. 

The tissue residue - effects database may need further refinements to better support the effects 
assessment of the Sudbury River BERA. For example, Hg concentrations in feeding studies would need to be 
converted to daily doses, data could be organized by tissue type and/or life stage, effects and no effects data 
could be calculated if appropriate, and all tissue residue levels would need to be standardized to WW or DW. 

The second review highlighted the fact that Hg concentration in sediments may not, by itself, be a 
strong predictor of Hg tissue residue levels in aquatic biota. Variables associated with Hg methylation 
processes in sediments, surface water bioavailability, or wetlands also play an important role. The proposed 
variables to be measured in Sudbury River sediment samples include those associated with organic content 
(e.g., TOC, LOI), the sediment - water interface (e.g. redox potential, pH, DO, AVS, sulfides), surface water 
(e.g., pH, DOC) and wetland characteristics. 
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Attachment 6: Summary of recent studies linking Hg in sediments and/or water to aquatic receptors 

Aquatic 

System 

Measured Variables Reference Comments 

sediments surface water biota other 

>80 lakes in 
MN 

· TotHg(*) 
· % of moisture 

· TotHg (*) 
· alkalinity 
· pH 
· conductivity 
· secchi disk 
· total organic 

carbon (TOC) 
· major ions 
· several metals 

TotHg(*) in: 
· zooplankton 
· northern pike 

· atmospheric 
inputs 

· relief variables 
· hydrological 

variables 
· lake 

morphometric 
variables 

Sorensen 
et al., 1990 

· the best predictors for Hg in zooplankton were zooplankton density, surface 
water TOC & immediate watershed area  

· the best predictors for Hg in pike were Hg in zooplankton, surface water 
TOC & Al conc. in water (Al was a close correlate to pH) 

· TotHg in sediment did not correlate w/ Hg in fish; authors speculate that this 
may be due to the extreme variability in net MeHg production in sediment 
from lake to lake 

16 lakes in 
NY 

not measured · TotHg & MeHg 
· alkalinity 
· pH 
· dissolved 

organic carbon 
(DOC) 

· total monomeric 
Al 

TotHg(*) in: 
· yellow perch 

· % nearshore 
wetlands 

Driscoll et 
al., 1995 

· for 3 to 5 year old yellow perch, Hg conc. increased with increased levels of 
DOC and % nearshore wetlands in the drainage basin 

· total monomeric Al (a covariate with surface water pH) was the only water 
chemistry parameter which correlated significantly with Hg conc. in yellow 
perch 

· at higher conc. of DOC, MeHg was complexed to dissolved organic matter 
thereby reducing its bioavailability to yellow perch 

73 lakes in 
Ontario 

· TotHg(*) 
· relative H2O 

· TotHg(*) 
· alkalinity 

TotHg(*) in: 
· zooplankton 

· catchment area 
· lake surface area 

Tremblay et 
al., 1995 

· Hg in zooplankton was poorly correlated w/ the catchment area, Chlorophyll 
a and surface water TOC 

content · conductivity · mean depth · no signif. correlation found between Hg conc. in sediments and Hg conc. in 
· relative organic · sulfate · maximum depth zooplankton  

content · total organic 
· Eh carbon (TOC) 
· pH · color 

· Chlorophyll a 

several 
lakes and 
reservoirs 

· TotHg & MeHg 
· NaOH

extractable iron 

· TotHg & MeHg 
· Suldife 
· other variables  

TotHg & MeHg in: 
· walleye 
· northern pike 

· physical and 
morphological 
variables 

Jackson, 
1991 

· Hg in pike did not correlate signif. w/ Hg in water or sediments but strongly 
correlated to NaOH-extractable Fe in sediments —>probably reflects the 
influence of  humic substances, which are NaOH extractable and Fe rich 

in Manitoba · Eh 
· organic content 
· CO2 generated 

by sediments 

· lake whitefish 
· yellow perch 
· spottail shiner 

· Hg in walleye correlated signif. with both surface water and sediment MeHg 
conc. 

· Hg in shiner correlated signif. w/ MeHg conc. in sediments 
· Hg in whitefish gave a signif. negative correlation w/ sulfide in surface water 

· other variables —> sulfides believed to decrease Hg bioavailability 

Onondaga 
Lake, NY 

· TotHg only 
· no other 

variables 
measured 

· TotHg & MeHg 
· no other 

variables 
measured 

TotHg & MeHg in: 
· phytoplankton 
· zooplankton 
· benthic inverts 

not measured Becker & 
Bigham, 
1995 

· Hg conc. in amphipods and chironomids correlated signif. to TotHg conc. in 
sediments —> sediments were a likely source of Hg for benthic invertebrates 

(amphipods & 
chironomids) 

· 7 fish species 
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Attachment 6: Summary of recent studies linking Hg in sediments and/or water to aquatic receptors 

Aquatic 

System 

Measured Variables Reference Comments 

sediments surface water biota other 

river, · TotHg not measured TotHg & MeHg in: not measured Beckvar et · results reflect 12 week exposures of mussels in the field   
wetlands & · selected metals · mussels al., 2000 · TotHg conc. in mussel tissue was not significantly correlated w/ TotHg conc. 
reservoirs · total solids in sediments; this correlation remained insignificant even after normalizing 
in Sudbury · total organic for TOC 
River, MA carbon (TOC) · uptake patterns in mussels were consistent w/ the conc. of TotHg measured 

· grain size in water by Waldron et al. (2000); i.e., Hg in mussels was more closely 
related to Hg conc. water instead of sediments. 

river, · TotHg · MeHg TotHg & MeHg in: not measured Naimo et · results reflect 21 day laboratory exposures 
wetlands & · texture · Hexagenia al., 2000 · the net amount of MeHg accumulated in mayflies was not correlated w/ the 
reservoirs · loss on ignition mayflies conc. of TotHg in sediments 
in Sudbury (a measure of · the spatial trend in MeHg conc. in mayflies exposed to sediments paralleled 
River, MA organic content) the spatial trend in abundance of MeHg in water from the river 

river, · TotHg(*) not measured TotHg(*) in: not measured Haines et · Hg conc. in largemouth bass was significantly linearly related to weighted 
wetlands & · AVS/SEM · largemouth bass al., 1997 prey organism MeHg conc. 
reservoirs · organic content · yellow perch · the authors did not quantify the relationship between Hg conc.  in aquatic 
in Sudbury · sulfides · bluegill sunfish receptors vs. Hg in sediments or the variables that might explain the link; 
River, MA · pumpkinseeds however, they speculated that Hg from atmospheric deposition might be 

· crayfish responsible for some of the observed Hg levels in aquatic biota 
· dragonfly larvae 

rivers 
throughout 
the US 

· TotHg & MeHg 
· % MeHg 
· loss on ignition 

(a measure of 
organic contetn) 

· AVS 

· TotHg & MeHg 
· pH 
· dissolved 

organic carbon 
(DOC) 

· sulfate 

· TotHg in: 
largemouth bass 

· bass age 
· bass length 
· bass weight 

· % wetland in each 
watershed basin 

Brumbaugh 
et al., 2001 

· bioaccumulation was strongly (positively) correlated with MeHg in water but 
only moderately with MeHg in sediment or TotHg in water 

· the pH, DOC, sulfate, sediment LOI and % wetlands in each basin were also 
signif. correlated with Hg conc. in fish fillets 

· the best model to predict Hg bioaccumulation in bass included MeHg in 
water, water pH, % wetlands in basin, and AVS of sediments; these 4 
variables explained 45% of variability of Hg in fish fillets 

· on a national basis, MeHg in water is a much better predictor of bass Hg 
conc. than is MeHg in sediments 

nine 
depression 
wetlands in 
GA 

not analyzed · TotHg(*) 
· dissolved 

organic carbon 
(DOC) 

· sulfate 
· pH 

TotHg(*) in: 
· lake chubsucker 
· redfin pickerel 
· mud sunfish 

· wetland surface 
area 

· maximum depth 
· hydroperiod 

Snodgrass 
et al., 2000 

· fish Hg conc. varied signif. among species and wetlands; variation was 
greater among wetlands than among species 

· no relationship between sulfate and fish Hg conc., possibly because sulfate 
was below levels that affect methylation rates 

· regression showed that maximum depth & hydroperiod accounted for signif. 
portions of variation among wetlands in chubsucker & pickerel Hg conc. 

· maximum depth & DOC were negatively correlated to Hg conc. in sunfish 
· primary factors controlling Hg bioavailability in wetlands were leaching of Hg 

from sediments during the drying and reflooding cycle, and binding of Hg by 
DOC in the water column 

estuarine · TotHg & MeHg 
· grain size 
· organic matter 
· AVS/SEM 

not measured TotHg & MeHg in: 
· clams 
· idopods 
· amphipods 

not applicable Mason & 
Lawrence, 
1999 

· the conc. of TotHg & MeHg in sediments covaries w/ sediment organic 
content. 

· corelations between inorganic Hg & MeHg in benthic biota w/ sediment 
levels suggests that variations in the bioaccumulation factor (BAF) for 
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Attachment 6: Summary of recent studies linking Hg in sediments and/or water to aquatic receptors 

Aquatic 

System 

Measured Variables Reference Comments 

sediments surface water biota other 

· iron 
· nitrogen 
· sulfide 

invertebrates is best explained in terms of sediment organic content. 
· for all benthic organisms, there was a decrease in BAF w/ increasing carbon 

content for both inorganic Hg & MeHg 
· “as a result of the decoupling between TotHg and MeHg conc. and 

bioavailability in surface sediments, any remedial evaluation of 
bioavailability and/or toxicity which is based only on TotHg conc. is 
unlikely to provide a reliable prediction” (quoted from Mason & 
Lawrence, 1999, abstract) 

note: TotHg = total mercury; MeHg = methylmercury 

* authors did not always mention which form of Hg was analyzed; it was assumed that the Hg data represented TotHg unless specified otherwise 
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APPENDIX I 


DEVELOPMENT OF A NO EFFECT AND EFFECT 
CRITICAL BODY RESIDUE (CBR) FOR CRAYFISH 

NYANZA CHEMICAL SUPERFUND SITE, ASHLAND, 
MA 



Lockheed Martin Systems Information Technologies 
Environmental Services Assistance Teams, Region I 
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Dear Mr. Hoskins: 

The Environmental Services Assistance Team (ESAT) completed a literature review to quantify 
the impacts of various Hg tissue residue levels on behavior, survival, and growth in crayfish.  The goal 
was to develop a defensible no effect and effect CBR for use in the baseline ecological risk assessment 
(BERA) for the Sudbury River at the Nyanza Chemical Superfund Site.  

This work was requested by Bart Hoskins, the Task Order Project Officers (TOPO), and was 
authorized under TDF No. 1851A.  The completion date for this task is September 8, 2005.   

Should you have any questions or comments, please contact me at (617) 918-8669 at the 
EPA/OEME Biology Section, North Chelmsford, MA.   
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1.0 GENERAL INTRODUCTION

On July 21, 2005, EPA issued TDF No. 1851, requesting ESAT to perform a literature search to 
develop no effect and effect critical body residues (CBRs) for crayfish for use in the baseline ecological 
risk assessment (BERA) of the Sudbury River at the Nyanza Chemical Superfund Site.  On August 12, 
2005, the TDF was modified to change the completion date to September 8, 2005. 

Historical discharges from the Nyanza Chemical Superfund Site in Ashland, MA have 
contaminated sediments along a 26 mile stretch of the Sudbury River.  Starting in 2003, the EPA initiated 
detailed biological field studies to measure mercury (Hg) levels in aquatic and wildlife receptors feeding in 
and along the Sudbury River and its reservoirs.  The overall aim of the field work was to generate site-
specific exposure data for use in a refined BERA.  

Under TDFs No. 870B, 1208B, and 1284, ESAT compiled comprehensive toxicity databases to 
develop Hg CBRs for fish, birds (eggs, feathers, blood, and five internal organs) and mammals (blood and 
fur), and toxicity reference values (TRVs) for birds and mammals.  The information generated under the 
current TDF provides additional CBRs to help assess the potential risk of Hg measured in crayfish 
collected from the Sudbury River. 

This technical memorandum is organized as follows: section 2.0 summarizes the results of the 
literature review relating Hg tissue residue levels to effects in crayfish, section 3.0 calculates the CBRs, 
section 4.0 provides a summary and conclusion, and section 5.0 provides references.  

2.0 LINKING Hg TISSUE RESIDUE LEVELS TO EFFECTS IN CRAYFISH 

2.1 Selecting receptors, tissues, and endpoints 

2.1.1 Selecting target receptors 

Crayfish were the main focus of the literature search.  However, the amount of useful Hg tissue 
residue – effects data on crayfish was limited.  In order to develop a robust dataset, the search was 
expanded by including all species belonging to the Order Decapoda.  Besides crayfish, the decapod 
group includes crabs, lobsters, shrimps, and prawns.  Most of the data discussed in this technical 
memorandum relate to crustaceans which are taxonomically-related to the crayfish.   

2.1.2 Selecting tissues for Hg analyses 

The literature review focused on obtaining data linking whole body Hg levels in decapods to 
organism or population-level effects.  Since whole body residue – effects data for decapods were limited, 
it was decided to also include tail or abdominal muscle residue – effects data, since muscle serves as a 
long-term repository for Hg.  

The following types of studies were excluded from the database: 

•	 Studies which linked effects to Hg residues measured in an organ or tissue (e.g., liver, gonads, 
gills, hepatopancreas, or carapace) but not in tail/abdominal muscle or whole body.  

•	 Studies which reported measured Hg levels in whole body or muscle but did not link those 
concentrations to effects; this step eliminated a large body of literature pertaining to laboratory 
experiments (e.g., studies on the uptake and depuration dynamics of Hg in decapods) and field 
survey studies. 
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2.1.3 Selecting endpoints 

The focus of the planned Sudbury River BERA is on organism and population-level endpoints.  It 
was therefore decided to ignore endpoints if they occurred at a level of organization below that of the 
whole organism (e.g., hormonal or cellular responses).  The reason for this selective approach was that it 
would have been a challenge to link effects observed at the sub-organism level to the higher-level 
responses of interest to the Superfund BERA.   

The endpoints of interest included behavioral changes (Hg is a potent neurotoxin), survival, 
growth, and reproduction. 

2.2 Literature search strategy 

2.2.1 Database searching 

Three electronic databases were queried for journal references and/or data. 

• The ERED Database (http:/www.wes.army.mil/el/ered) 

The ERED (Environmental Residue Effect Database) is a web-based resource jointly developed 
by the U.S. Army Corps of Engineers and the U.S. Environmental Protection Agency.  It uses published 
literature to summarize data linking biological effects to tissue contaminant concentrations in aquatic 
organisms.  

• TOXNET (http://toxnet.nlm.nih.gov) 

TOXNET is a database maintained by the National Library of Medicine at the National Institute of 
Health.  This comprehensive resource is freely available to the general public.  It contains tens of 
thousands of references (titles + abstracts) obtained from human toxicological and ecotoxicological 
literature sources.  

• Sciencedirect (http://www.sciencedirect.com) 

Sciencedirect is a web-based library of technical journals published by Elsevier Publishers. It 
contains downloadable abstracts and full-length articles from dozens of environmental publications.  

The searches generated between zero and several dozen returns, depending on species or 
database.  Each reference title was read to determine its potential relevance to this project.  An article 
was obtained if its title or abstract (if available) looked promising. 

An additional hard copy database (Jarvinen and Ankley, 1999) was included as part of the initial 
search.  This 358 page report summarizes a large amount of information linking effects of numerous 
organic and inorganic contaminants, including Hg, to tissue residue levels measured in aquatic 
organisms. 

2.2.2 Data compilation  

References of potential interest were entered into a master list.  Articles were copied at a local 
university library. A smaller subset of papers was obtained via EPA’s Region I Library in Boston.  All 
articles were reviewed to determine if they contained data useful to the project.  A secondary search 
consisted of visually scanning the reference section of each publication to determine if it contained 
articles of potential interest.  Those additional articles were also obtained and read.  No articles published 
prior to 1970 were included in the database.   
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2.2.3 The decapod Hg tissue residue level - effects database 

The Hg tissue residue level - effects database is appended to this technical memorandum as 
Attachment 1. 

2.2.3.1 Database structure 

The database contains the following column headings: 

•	 test chemical: inorganic Hg, organic Hg, or Hg-contaminated food 

•	 test species: common name of the target species (salinity of exposure water in parentheses) 

•	 scientific name: Latin name of the target species 

•	 life stage: the age or size of the test organisms at the start of exposure 

•	 test conditions: laboratory vs. field exposure; renewal of test water (if applicable)  

•	 exposure route and concentration: the route by which the test organisms were exposed and the 
concentration of Hg to which they were exposed 

•	 test duration: the exposure duration in days 

•	 tissue analyzed: whole body or abdominal/tail muscle  

•	 tissue residue concentration: the concentration of Hg in the analyzed tissue, reported as wet 
weight (WW) 

•	 effect: the specific effect(s) associated with the measured Hg tissue residue level 

•	 reference: author name and publication date (full reference available from Section X below) 

•	 comment: describes the tables and/or figures from which the data were obtained, together with 
additional comments pertaining to the study or data 

2.2.3.2 Database content 

The database covers 11 decapod species and one unknown crayfish species.  The data pertain 
to both freshwater species (crayfish) and estuarine/marine species (crab, shrimp, prawn, and lobster). 
The test chemicals used in the laboratory studies included both inorganic mercury (mercuric chloride) and 
organic mercury (methyl mercuric chloride).  Mainly young adult to adult life stages were tested.  Most 
exposure durations lasted between two to four weeks.  The test species were exposed either through 
their diet or via dissolved Hg in the water.  

2.2.3.3 Database limitations and uncertainties 

•	 Exposure duration: 

Except for Parks et al. (1988) and Brant et al. (2002), who exposed crayfish for 68 days and 140 
days, respectively, all the other studies in the CBR database used much shorter exposure 
durations ranging from two to four weeks.  Such a pattern was not surprising because most 
studies retained for this project were of a physiological nature.  With some exceptions, the 
authors were mostly interested in measuring the uptake and/or depuration dynamics of Hg but not 
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in quantifying its long-term toxicology.  Hence, they selected sub-lethal Hg concentrations and 
relatively-short exposure periods.  

The available information also indicated that tissue residue levels did not reach steady state after 
two weeks of exposure to Hg present in food.  It appeared that four or more weeks were 
necessary to reach steady state, indicating that some of the no effect tissue residue levels did not 
reflect equilibrium conditions. 

Based on the available information, it is not known if the higher sub-chronic no effect tissue 
residues summarized in Attachment 1 might have become effect tissue residues if the exposures 
had occurred over several months instead of a few weeks.  The precautionary principle, which 
suggested that short exposures can result in less conservative threshold levels, was considered 
when developing the CBRs for crayfish. 

• Lifestage tested 

Except for Evans et al. (2000), none of the studies in the database investigated the potential link 
between Hg tissue residues and toxic responses in the early life stages of the decapods.  Based 
on the available information, it is not known if the toxicity threshold for Hg is generally higher, the 
same, or lower in adult versus juvenile life stages.  The precautionary principle, which suggested 
the possibility of lower sensitivity in adults, was considered when developing the CBRs for 
crayfish. 

• Lack of reproduction endpoints 

None of the studies included in the database investigated the link between Hg residues in 
decapods and effect on their reproductive potential.  The literature review performed under TDF 
No. 1208 B concluded that reproductive failure represented a sensitive toxicity endpoint in fish. 
Based on the available information, it is not known if the same pattern existed for decapods.  The 
precautionary principle, which suggested that reproduction could be the most sensitive endpoint, 
was considered when developing the CBRs for crayfish.       

• No observed effect level (NOEL) and lowest observed effect level (LOEL) data 

None of the studies included in the data base were performed to determine true NOELs and/or 
LOELs (i.e., dose-responses were not established).  Hence, the no effect Hg thresholds in the 
database were most likely lower (i.e., more conservative) than the true NOEL for the target 
species, whereas the available effect Hg thresholds were probably higher (i.e., less conservative) 
than the true LOELs for the target species.  This limitation was considered when developing the 
CBRs for crayfish. 

• Limited crayfish tissue residue data 

Only a few crayfish studies were available to derive a CBR.  Fortunately, two of the three “effect” 
studies used crayfish as a test species.  Most data points reflected exposures using estuarine or 
marine decapods.  For this effort, it was assumed that the inter-species sensitivities were 
comparable within the decapod group, even though it is not known if crabs, prawns, shrimp, and 
lobsters are generally more or less sensitive to tissue Hg accumulation than crayfish.    

• Dry weight (DW) versus wet weight (WW) residue levels 

All the residue concentrations listed in the database and discussed in this technical memorandum 
were provided as WW.  A handful of studies reported their results as DW.  No information was 
available to derive a reasonable decapod DW to WW ratio. Instead, the decision was made to 
use the fish DW to WW ratio of 0.2 developed under TDF No. 1208 B.  The decapod DW data 
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were converted to WW by multiplying the reported residue concentrations by 0.2, to reflect an 
assumed average muscle or whole body moisture content of 80%.   

The study by Parks et al. (1988) provided one of the only two effect tissue residues for crayfish. 
The paper did not specify if the residue data were reported as DW or WW. Unsuccessful 
attempts were made to contact the authors or obtain a copy of the cited Hg analysis method. 
Park et al. (1988) provided an effect concentration of 27.3 mg/kg, which would have been 
exceedingly high if reported as WW.  The conservative assumption was made that this value was 
reported as DW.  Hence, it was converted to WW by multiplying it by 0.2 to yield an effect Hg 
concentration of 5.46 mg/kg.  This approach was prudent because if the original value had in fact 
been reported as WW, then the recalculated value was five times lower (i.e., more conservative) 
than the true value.  It was noted that 5.46 mg/kg was similar to the second effect Hg 
concentration for crayfish in the database (6.5 mg/kg) reported by Brant et al. (2002).        

• Inorganic versus organic Hg 

Depending on the study, the decapods were exposed to inorganic and organic Hg dissolved in 
water and/or inorganic or organic mercury present in prey items, or to both forms at the same 
time. A review of the decapod CBR database suggested that there was no apparent difference in 
response between inorganic versus organic Hg.  As with the fish CBRs developed under TDF No. 
1208 B, the development of species-specific no effect and effect CBRs for decapods did not 
consider the form of Hg used in the exposures.  This approach was thought unlikely to severely 
underestimate impacts because most no effect and all of the effect Hg concentrations were 
derived from exposures to organic Hg, which is the form crayfish would most likely be exposed to 
in the field. 

• Muscle residue versus whole body residue concentrations 

A basic assumption built into the CBR database was that Hg residues measured in muscle and 
whole body were equivalent to each other.  Three papers provided measured residue data in both 
muscle and whole body and were used to test this assumption. 

x	 Laporte et al. (1996) provided tissue residue data for abdominal muscle and whole 
body in crayfish exposed to inorganic Hg in the water for 15 days.  Mean total Hg was 
equal to 0.1 mg/kg in abdominal muscle, but 0.215 mg/kg in the whole organism.  The 
ratio between Hg in muscle versus whole body equaled 0.47. 

x	 Simon and Boudou (2001) provided Hg residue data for tail muscle and whole body in 
crayfish exposed for 30 days directly (inorganic or organic Hg dissolved in water only) 
or directly plus trophic transfer (inorganic or organic Hg in clams).  The authors 
reported the following residue data: 

o Direct exposure to inorganic Hg dissolved in water resulted in mean muscle total 
Hg of 0.35 mg/kg and whole body total Hg of 0.307 mg/kg.  The ratio between 
these two values equaled 1.14. 

o Direct plus trophic transfer exposure to inorganic Hg resulted in mean muscle 
total Hg of 0.625 mg/kg and whole body total Hg of 0.35 mg/kg.  The ratio 
between these two values equaled 1.79. 

o Direct exposure to organic Hg dissolved in water resulted in mean muscle total 
Hg of 0.25 mg/kg and whole body total Hg of 0.256 mg/kg.  The ratio between 
these two values equaled 0.98. 

o Direct plus trophic transfer exposure to organic Hg resulted in mean muscle total 
Hg of 0.20 mg/kg and whole body total Hg of 0.416 mg/kg.  The ratio between 
these two values equaled 0.48. 
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x Simon et al. (2000) provided Hg residue data for eight tissues and organs (gills, 
hepatopancreas, stomach, carapace, tail muscle, green gland, intestine, and 
haemolymph) in crayfish exposed for 15 days to organic Hg via trophic transfer from 
contaminated food.  The authors also provided the mean relative fresh weight of the 
eight organs and tissues, which was used to calculate an estimated whole body Hg 
concentration.  Mean total Hg was equal to 0.161 mg/kg in tail muscle, but 0.326 mg/kg 
in the (reconstituted) whole organism.  The ratio between Hg in muscle versus whole 
body equaled 0.49. 

This limited data review indicated that the ratio between muscle and whole body Hg concentration 
in crayfish, and in decapods by extrapolation, varied between around 0.5 and 2.0 depending on the form 
of the Hg used, the uptake route, and the exposure duration.  It also suggested that the muscle and whole 
body tissue residue data may be roughly interchangeable within a margin of error equivalent to a factor of 
2. 

3.0 DERIVING A NO EFFECT AND EFFECT CBR FOR CRAYFISH 

3.1 Introduction

Attachment 1 provided all of the decapod Hg tissue residue data collected for this project. 
Attachment 2 summarized the no effect and effect Hg residue data presented in Attachment 1. 
Specifically, Attachment 2 included the highest-available no effect and the lowest-available effect Hg 
concentration for each decapod species, organized from lowest to highest value.  The data from this 
attachment were then plotted in Figure 1 to visualize the range of species-specific no effect and effect 
thresholds. 

3.2 Calculating a conservative no effect CBR for crayfish 

Attachment 2 and Figure 1 provided the available data to identify a defensible crayfish no effect 
CBR. The literature search yielded nine species-specific no effect tissue residue concentrations for Hg in 
decapods.  Those values ranged from 0.22 mg/kg (for the crayfish, Astacus leptodactylus) to 3.33 mg/kg 
(for the blue crab, Callinectes sapidus). 

As explained in section 2.2.3.3, none of these values represented NOELs and therefore likely fell 
below a true maximum no effect threshold.  On the other hand, all the no effect exposures were 
subchronic, did not necessarily reach steady state, used mostly adult life stages, and may not have 
assessed the most sensitive endpoints. 

In light of the large uncertainties inherent in the decapod tissue residue data base, it was 
inappropriate to select the highest-available no effect Hg concentration (i.e., 3.33 mg/kg) as a generic 
crayfish no effect CBR.  Instead, the median of the nine no effect values (i.e., 1.50 mg/kg) was selected 
as a reasonably-conservative no effect crayfish CBR for use in the Sudbury River BERA.  This CBR 
indicates that a whole body total Hg concentration up to 1.50 mg/kg (WW) would not be expected to result 
in long-term harm to crayfish inhabiting the Sudbury River.     

3.3 Calculating a conservative effect CBR for crayfish 

Attachment 2 and Figure 1 provided the available data to identify a defensible effect CBR for 
crayfish.  The literature search yielded three species-specific Hg effect concentrations for decapods. 
Those values ranged from 5.46 mg/kg (crayfish, species unknown) to 12.9 mg/kg (fiddler crab, Uca 
pugnax). 

Two of those three studies used crayfish as their test species and are further discussed below. 
The lowest Hg effect concentration came from a study by Parks et al. (1988) in which caged crayfish were 
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placed in a low-Hg river and a high-Hg river, and fed either non-contaminated fish or Hg-contaminated 
fish for 68 days. Growth was the endpoint of interest.  The study design was highly relevant and resulted 
in a measurable effect.  However, it could not be determined from the available information if the tissue 
residue data were presented in DW or WW.  The data from Parks et al. (1988) were not used to derive an 
effect CBR due to the uncertainty with the tissue residue data and the availability of another highly-
relevant crayfish study.  

The second study by Brant et al. (2002) exposed crayfish to organic Hg via the diet for 142 days 
in the laboratory. Growth and behavior (ability to seek shelter) were the endpoints of interest.  This study 
was even more relevant than the previous one due to the longer exposure period and the assessment of 
a behavioral endpoint.  Growth in three-year old males, and the ability to seek shelter in crayfish of all 
ages and both sexes, was significantly impaired when total Hg in abdominal muscle reached 6.5 mg/kg. 

The data by Brant et al. (2002) were retained to derive a generic effect CBR for crayfish.  This 
study was not designed to establish a LOEL or to assess reproductive effects.  The tissue residue level of 
6.5 mg/kg likely overestimated the minimum threshold at which a subtle but ecologically-relevant  effect 
could be expected to occur in the field.  Based on the available information, it is not known at which 
residue level that threshold is exceeded.  It was therefore decided to divide 6.5 mg/kg by an uncertainty 
factor of 2.0 in order to generate a defensible yet reasonable effect CBR for crayfish. That value equals 
3.25 mg/kg. This CBR indicates that a whole body total Hg concentration at or above 3.25 mg/kg (WW) 
would be expected to result in long-term harm to crayfish inhabiting the Sudbury River.       

4.0 SUMMARY AND CONCLUSIONS 

The EPA requested that ESAT perform a literature review to develop a crayfish no effect and 
effect CBR in support of the Sudbury River BERA.  Due to the paucity of crayfish data, the search was 
expanded to obtain data on all decapods, which include not only crayfish, but also lobsters, crabs, 
prawns, and shrimps.  As a result of this effort, a database was developed with tissue residue data 
(presented as WW) linked to no effect or effect endpoints for 12 decapod species. 

Several important uncertainties associated with the tissue residue data base were taken into 
account when deriving the crayfish CBRs.  Those uncertainties included the following:  

x all no effect exposure durations were subchronic,  

x tissue residue levels did not necessarily reflect steady-state conditions,  

x adults were mostly used instead of younger life stages,  

x tissue residue levels were not linked to reproductive endpoints,  

x the sensitivity of estuarine/marine decapods to Hg was assumed to be comparable to that of 
freshwater crayfish, and 

x none of the studies assessed true NOELs or LOELs.    

A no effect CBR equal to 1.5 mg/kg was derived based on the available data.  This value 
represented the median of all available tissue residue levels in the database which did not result in a 
measurable response by the test organisms. 

An effect CBR equal to 3.25 mg/kg was also derived based on the available data.  This value was 
obtained from a long-term study in which crayfish were fed Hg-contaminated food and assessed for 
growth and behavior over a 142-day exposure period.  Both endpoints were significantly affected at a 
tissue residue level of 6.5 mg/kg.  In order to derive a conservative effect CBR, this value was divided by 
an uncertainty factor of 2.0 because it was thought unlikely that it represented a true LOEL. 
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In conclusion, no significant long-term effects are expected to occur in crayfish with whole body 
tissue residue levels at or below 1.5 mg/kg.  The potential for significant effects in crayfish is present 
when whole body tissue residue levels reach or exceed 3.25 mg/kg.     
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Attachment 1: Critical body residue (CBR) database for mercury in freshwater, estuarine, and marine decapods 

Test Tissue 
Species Exposure Residue 

Test (fresh- or Scientific Test Exposure Route & Duration Tissue (mg/kg, 
Chemical saltwater) Name Life Stage Conditions Conc. (days) Analyzed WW) Effect Ref. Comment 

HgCl2 Turkish Astacus 3 year-old, lab; static HgCl2 dissolved in 15 whole body 0.22      no effect on Laporte et See Fig. 3 in ref. 
crayfish (FW leptodactylus intermot males renewal (daily exposure water; [Hg] (TotHg) survival al., 1996 Residue is mean 
& estuarine) water changes) = 0.001 mg/L for 2 animals. 

Hg in Norway Nephrops intermoult lab; filtered Hg-contaminated between 22 tail muscle 0.23 no effect on Canli and See Table 1 in ref. 
albatross lobster (SW) norvegicus young adults seawater albatross liver; [inorg and 50 (TotHg) survival Furness, Residue is mean 

liver (mean 
carapace 

Hg] = 160 mg/kg 
WW; [org. Hg] = 3.7 

1995 for 26 animals. 

length = 46-51 mg/kg 
mm) 

HgCl2 Norway Nephrops intermoult lab; static  HgCl2 dissolved in 30 tail muscle 0.342 no effect on Canli and See Table 4 in ref. 
lobster (SW) norvegicus young adults renewal (water seawater; [Hg] = 0.01 (TotHg) survival Furness, Residue is mean 

(mean 
carapace 

changed every 
3 days) 

mg/L 1995 for 24 animals. 

length = 46-51 
mm) 

CH3HgCl Norway Nephrops intermoult lab; static - MeHg dissolved in 30 tail muscle 1.83 no effect on Canli and See Table 4 in ref. 
lobster (SW) norvegicus young adults renewal (water seawater; [Hg] = 0.01 (TotHg) survival Furness, Residue is mean 

(mean 
carapace 

changed every 
3 days) 

mg/L 1995 for 27 animals. 

length = 46-51 
mm) 

CH3HgCl Norway 
lobster (SW) 

Nephrops 
norvegicus 

young adults 
(mean 

lab; static 
renewal (water 

MeHg dissolved in 
seawater; [Hg] = 0.01 

30 tail muscle 1.86 
(TotHg) 

no effect on 
survival 

Canli and 
Furness, 

See Table 3 in ref. 
Residue is mean 

carapace 
length = 4.9 

changed every 
3 days) 

mg/L 1993 for 30 animals. 

cm) 

clams crayfish Astacus 1-yr old adult lab; static Hg-contaminated 15 whole body 0.33 no effect on Simon et al., See Table 2 & Fig. 
enriched (FW) astacus males (mean renewal (daily) clams; [Hg] = 3.37 (recon- (TotHg) survival 2000 3 in ref. Residue is 
w/ MeHg weight = 10.4 mg/kg structed) mean from 3 

g) crayfish. 

CH3HgCl crayfish Astacus adult males lab; static Hg-contaminated 30 whole body 0.42       no effect on Simon and See Fig. 3B in ref. 
(FW) astacus (18- months renewal (daily) clams; [Hg] = 1.5-2.0 (TotHg)   survival Boudou, 

old) mg/kg 2001 
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Attachment 1: Critical body residue (CBR) database for mercury in freshwater, estuarine, and marine decapods 

Test Tissue 
Species Exposure Residue 

Test (fresh- or Scientific Test Exposure Route & Duration Tissue (mg/kg, 
Chemical saltwater) Name Life Stage Conditions Conc. (days) Analyzed WW) Effect Ref. Comment 

HgCl2 grass shrimp Palaemonetes adults (?) lab; static (?) HgCl2 dissolved in 15  whole body 0.45       no effect on Ray and See Fig. 3 in ref. 
(SW; 25 ppt) pugio seawater; [Hg] = (TotHg) survival Tripp, 1976 Residue is mean 

0.0015 mg/L for 20 shrimp. 

HgCl2 lobster (SW) Homarus intermolt lab; static HgCl2 dissolved in 14 tail muscle 0.7 no effect on Brown et al., See Table 1 in ref. 
gammarus adults(up to 1 renewal (daily) seawater; [Hg] = 0.01 (TotHg?) survival 1988 Residue is for a 

lbs.) mg/L single lobster. 

cockles shore crab Carcinus adult females lab; static Hg-contaminated 30 muscles 0.82 no effect on Bjerregaard See Table 3 
enriched maenas (ave weight = renewal (water cockles; [inorg. Hg] = (type not (TotHg) survival and (Experiment 2 
w/ HgCl2 53 g) changed every 2.3 mg/kg; [org. Hg] specified) Christensen, w/out Se) in ref. 
& MeHg 2 days) = 1.9 mg/kg 1993 Residue is mean 

from 5 crabs. 

HgCl2 grass shrimp Palaemonetes 
pugio 

egg-carrying 
females 

lab; static HgCl2 dissolved in 
seawater  

30 whole body 1.1-2.1 no effect on 
survival 

Barthalmus, 
1977 

These data were 
obtained from 
Jarvinen & Ankley 
(1999). 

mussels nordic Pandalus adults (4-12 g) lab; filtered mussels treated w/ 22 abdominal 1.6 no effect on Rouleau et See Fig. 3A in ref. 
treated w/ shrimp (SW; borealis seawater MeHg; [Hg] = 6 muscle (TotHg) survival or al., 1992 Results section 

MeHg 29-31 ppt) mg/kg behavior implied (but did 
not state) lack of 
mortality. 

Hg pink shrimp Penaeus juveniles lab; static Hg-contaminated 28 whole body 2.32      no effect on Evans et al., See Fig. 3 in ref. 
contamina (SW; 20-21 duorarum (mean length = renewal (daily) fish; [Hg] = 2.0 mg/kg (TotHg) molt 2000 Tissue residue is 
-ted fish ppt) 48 mm) frequency, mean for 24 

growth or animals. 
survival 

Hg blue crab Callinectes juveniles lab; static Hg-contaminated 28 whole body 3.33      no effect on Evans et al., See Fig. 3 in ref. 
contamina (SW; 20-21 sapidus (mean renewal (daily) fish; [Hg] = 2.3-5.0 (TotHg) molt 2000 Tissue residue is 
-ted fish ppt) carapace width mg/kg frequency, mean for 24 

= 27 mm on growth or animals. 
day 0) survival 

diet crayfish species not adults (?) field Hg-contaminated fish 68 abdominal 5.46 (TotHg) reduction in Parks et al., See Fig. 2 in ref. 
enriched (FW) specified muscles (normalized weight gain 1988 Residue in ref. 

w/ high-Hg to length of was assumed to 
fish 7.3 cm) be in DW. 
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Attachment 1: Critical body residue (CBR) database for mercury in freshwater, estuarine, and marine decapods 

Test Tissue 
Species Exposure Residue 

Test (fresh- or Scientific Test Exposure Route & Duration Tissue (mg/kg, 
Chemical saltwater) Name Life Stage Conditions Conc. (days) Analyzed WW) Effect Ref. Comment 

diet crayfish Procambarus 3-yr old adult lab; flow- Hg-contaminated 140 abdominal 6.5 reduction in Brant et al., See 2nd fig. 
enriched (FW) clarkii males through crayfish chow; [Hg] = muscle (TotHg)  growth and 2002 ("abdominal 

w/ high-Hg 0.1-0.2 mg/kg increased (SETAC muscle") in results 
fish time to seek poster) section of poster. 

shelter 

MeHg fiddler crab Uca pugnax adults (?) lab; static- MeHg dissolved in 22 whole body 12.9 effect on limb Callahan and See Tables 1&2 in 
(SW; 30 ppt) renewal (water seawater; [Hg] = 0.5 (TotHg) length after Weis, 1983 ref. Residue is 

changed mg/L molting and mean for males 
2X/week) limb 

regeneration  
from two exposed 
populations. 

notes: 

Hg = mercury; HgCl2 = mercuric chloride (inorganic mercury); MeHg = methylmercury (organic mercury); TotHg = total mercury 

WW = wet weight; FW = fresh water; SW = sea water; ppt = parts per thousand  
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Attachment 2: Summary of the most conservative species-specific no effect and effect whole body or muscle mercury residue data for decapods
a 

Decapod 
species 

Exposure route 
(duration) 

Hg used 
in 

exposure 

Measured no effect tissue conc. (wet weight) Measured effect tissue concentration  (wet weight) 

Reference 
Residue 

level 
Response Comment Residue 

level 
Response Comment 

crayfish (Astacus inorganic Hg HgCl2 0.22 mg/kg no effect on survival in average measured - - an effect Hg conc. Laporte et 
leptodactylus) dissolved in water (TotHg) adult males residue in whole was not found for al., 1996 

(15 days) organisms (n = 2) this species 

crayfish (Astacus ingestion of Hg- MeHg 0.42 mg/kg no effect on survival in average measured - - an effect Hg conc. Simon and 
astacus) contaminated (TotHg) adult males residue in whole was not found for Boudou, 

clams (30 days) organisms this species 2000 

lobster Hg dissolved in HgCl2 0.70 mg/kg no effect on survival in average measured - - an effect Hg conc. Brown et al., 
(Homarus seawater (14 (TotHg?) intermolt adults residue in tail was not found for 1988 
gammarus) days) muscle (datum is this species 

for single lobster) 

shore crab ingestion of Hg HgCl2 & 0.82 mg/kg no effect on survival in average measured - - an effect Hg conc. Bjerregaard 
(Carcinus contaminated MeHg (TotHg) adult females residue in muscle was not found for and 
maenas) cockles (30 days) (type unknown) this species Christensen, 

1993 

grass shrimp Hg dissolved in HgCl2 1.5 mg/kg no effect on survival in average measured - - an effect Hg conc. Barthalmus, 
(Palaemonetes sea water (30 egg-carrying females residue in whole was not found for 1977 
pugio) days) organisms this species 

nordic shrimp ingestion of MeHg 1.6 mg/kg no effect on survival or average measured - - an effect Hg conc. Rouleau et 
(Pandalus MeHg- (TotHg) apparent effect on residue in was not found for al., 1992 
borealis) contaminated behavior abdominal muscle this species 

mussels (22 days) 

norway Lobster Hg dissolved in MeHg 1.86 mg/kg no effect on survival in average measured - - an effect Hg conc. Canli and 
(Nephrops sea water (30 (TotHg) young adults residue in tail was not found for Furness, 
norvegicus) days) muscle this species 1993 

pink shrimp ingestion of Hg- MeHg 2.32 mg/kg no effect on molt average measured - - an effect Hg conc. Evans et al., 
(Penaeus contaminated fish (TotHg) frequency, growth, or residue in whole was not found for 2000 
duorarum) (28 days) survival in juveniles organisms this species 

blue crab ingestion of Hg- MeHg 3.33 mg/kg no effect on molt average measured - - an effect Hg conc. Evans et al., 
(Callinectes contaminated fish (TotHg) frequency, growth, or residue in whole was not found for 2000 
sapidus) (28 days) survival in juveniles organism this species 

crayfish ingestion of Hg- MeHg - - a no effect Hg 5.46 reduced weight gain average Parks et al., 
(unknown contaminated fish conc. was not mg/kg measured residue 1988 
species) (68 days) found for this (TotHg) in abdominal 

species muscle 

crayfish ingestion of Hg- MeHg - - a no effect Hg 6.5 reduced growth and average Brant et al., 
(Procambarus contaminated fish conc. was not mg/kg increased time to measured residue 2002 
clarkii) (140 days) found for this (TotHg) seek shelter in abdominal (SETAC 

species muscle poster) 

fiddler crab (Uca Hg dissolved in MeHg - 13- a no effect Hg 12.9 reduced limb length average Callahan 
pugnax) sea water (22 conc. was not mg/kg after molting and limb measured and Weiss, 

days) found for this (TotHg) regeneration in older residue in whole 1983 
species lifestages organisms 
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Figure 1:  Species-specific no effect and effect Hg concentrations in 

muscle or whole body for freshwater and marine decapods 
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APPENDIX J 


FINAL MERCURY CRITICAL BODY RESIDUE (CBR) 
AND TOXICITY REFERENCE VALUE (TRV) 

DATABASES FOR FISH, BIRDS, AND MAMMALS, 
NYANZA CHEMICAL SUPERFUND SITE, ASHLAND, 

MA 



Lockheed Martin Information Technologies 
Environmental Services Assistance Teams, Region I 
The Wannalancit Mills, 175 Cabot Street, Suite 415, Lowell, MA 01854 
Phone: 978-275-9730 Fax: 978-275-9489 

January 30, 2004 

Office of Environmental Measurement and Evaluation 
US EPA - Region I 
11 Technology Drive 
North Chelmsford, Massachusetts 01863 

To: Mr. Bart Hoskins, EPA TOPO 
Via: Louis Macri, ESAT Program Manager 

TDF No. 1208 B 
Task Order No. 15 
Task No. 02 

Subject: Mercury Critical Body Residue (CBR) and Toxicity Reference Value (TRV) Databases for Fish, Birds, 
and Mammals, and Linking Mercury Sediment Concentrations to Mercury Residue levels in Aquatic Biota in 
Support of the Nyanza Chemical Superfund Site, Ashland, MA, 

Dear Mr. Hoskins: 

ESAT finalized three comprehensive mercury Critical Body Residue(CBR) databases for fish, birds, 
and mammals, and two mercury Toxicity Reference Value (TRV) databases for birds and mammals.  The 
current effort expanded and completed several draft CBR and TRV databases prepared under an earlier TDF 
(TDF No. 870 B). This information is intended for use in an upcoming baseline ecological risk assessment 
(BERA) for the Sudbury River at the Nyanza Chemical Superfund Site, in Ashland, MA. 

The review pertaining to the linkage between sediment and biota mercury levels is ongoing. 
Approximately 12 papers on this topic were collected under an earlier TDF (TDF No. 870 B) and are currently 
being read and summarized. Additional references have also been identified and may be obtained in the 
future. This effort was not finalized by the completion date for TDF No. 1208 B.  The literature collected to date 
will be retained in order to facilitate additional work that may be required through another task order. 

This work was requested by Bart Hoskins, the Task Order Project Officer (TOPO), and was authorized 
under TDF No. 1208 B. The modified completion date for the task is January 30, 2004. 

Should you have any questions or comments, please contact Stan Pauwels of ESAT - Lockheed 
Martin at (617) 918-8669 at the EPA/OEME Biology Section, North Chelmsford, MA.   

Sincerely, 

Lockheed Martin Information Technologies 

Stan Pauwels 
Environmental Scientist 
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1.0 INTRODUCTION

On October 28, 2003, EPA issued TDF No. 1208 requesting ESAT to continue the literature review 
started under TDF No. 870 B. The goal was to complete a search to quantify the relationship between 
measured mercury (Hg) concentrations in selected tissues (whole fish or fish muscle, bird eggs, bird blood, 
feathers, mammal blood and fur) and toxicological responses in fish, birds and mammals.  When feasible, EPA 
also requested several general improvements to the draft data spreadsheets submitted under TDF No. 870 B, 
including the following: 

· group the critical body residues (CBRs; reported as mg Hg/kg target tissue) and toxicity reference 
values (TRVs; reported as mg Hg/kg body weight [BW]/day) by species, age group, tissue type and 
ascending order of effects, 

· report “no effect” laboratory results as well as field-collected residue data which are not explicitly 
linked to measured effects, 

· calculate no effect and effect TRVs for birds and mammals based on reported Hg concentrations (mg 
Hg/kg food) added to food used in toxicity tests, 

· report all CBRs and TRVs in terms of wet weight, 
· indicate when results were estimated through extrapolation from figures or data tables, 
· identify entries which may be questionable based on uncertainties noted by the authors or problems 

identified by ESAT, 
· note whether organic or inorganic Hg was measured, 
· clearly separate the no effects from the effect data, 
· depending on data availability, use statistical distributions to suggest conservative receptor- and 

tissue-specific CBRs and TRVs, and 
· identify any remaining critical data gaps that might require further attention. 

This technical memorandum is organized as follows: section 2 provides observations on the literature 
search, database contents, data manipulations, and other general issues; section 3 summarizes the fish CBR 
database and suggests conservative no effect and effect fish CBRs; section 4 summarizes the bird CBR and 
TRV databases and suggests conservative no effect and effect bird tissue residue CBRs and TRVs; section 5 
summarizes the mammal CBR and TRV databases and suggests conservative no effect and effect mammal 
tissue residue CBRs and TRVs; section 6 provides a summary and conclusions, and section 7 provides 
references. 

2.0 GENERAL OBSERVATIONS

2.1 Introduction

Copies of over 150 additional papers and reports were collected to resume the work requested under 
TDF No. 1208 B. The search parameters, receptor groups, target tissues, and endpoints of concern were 
similar as those detailed in the May 13, 2003 technical memorandum to TDF No. 870 B and will therefore not 
be repeated here. 

The new information was processed through a series of steps, as follows: 

· Step 1: obtain and read a paper to find useful data. 

· Step 2: if required, document the calculations required to derive a daily dose for use as a TRV. 

· Step 3: enter all the relevant information derived from the paper into Lotus spreadsheets organized by 


receptor group (fish, bird, mammal), age group (egg, juvenile, fledgling, adult), tissue type (fish eggs, 
whole fish or fish muscle, bird eggs, feathers, fur, blood) and ascending no effect-effect Hg 
concentrations. The data in the spreadsheets were used to derive species-specific CBRs and TRVs. 

· Step 4: select the most conservative CBRs and TRVs for each tissue type, age group, and species 
within receptor groups for inclusion in summary tables. 

· Step 5: use the data from the summary tables to plot the most conservative species-specific CBRs 
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and TRVs for each tissue type and age group. 
· Step 6: use the summary tables to derive and document conservative, generic CBRs and TRVs for 

each age group and tissue type for potential use in the Sudbury River baseline ecological risk 
assessment (BERA). 

· Step 7: make triplicate copies of each paper included in the Lotus spreadsheets; organize these 
papers alphabetically in three sets of ring binders by receptor group. 

2.2 Qualitative Overview of the Databases 

A substantial amount of effort was involved in finalizing the Lotus spreadsheets started under TDF No. 
870 B. The current spreadsheets provide tissue residue information on approximately 96 species (23 fish, 48 
birds and 25 mammals) extracted from over 160 references.  Those references are appended to this technical 
memorandum as Attachments 1 (fish), 2 (birds) and 3 (mammals). An additional 100 papers were processed 
under this TDF but rejected for various reasons, such as “wrong” tissues analyzed or endpoints measured. 
The references for the rejected papers are appended as Attachment 4 for potential future use. 

Tables 1 and 2 below summarize the approximate number of available data points from the Lotus 
spreadsheets for deriving CBRs and TRVs, respectively. 

Table 1: Summary Statistics for the Hg Critical Body Residue (CBR) Database 

Receptor Age Group Tissue Type # of Number of Measured CBR Data Points 
Group Analyzed Species 

No Effect CBR Effect CBR 

FISH eggs egg/embryo 6 3 7 

fry to adults whole body or 19 34 18 
muscle 

BIRDS embryos egg content 30 27 27 

pre-fledglings blood 4 4 2 

feathers 14 14 2 

post- blood 4 3 3 
fledglings 

feathers 6 4 2 

MAMMALS juveniles to blood 8 11 11 
adults 

fur 5 5 6 

Note: the number of data points in the Lotus spreadsheets far exceed the totals provided in this table. The reason is that a large amount 
of data in the spreadsheets were not specifically associated with effects or no effects and could therefore not be used to derive CBRs. 
a
 The number of species within each receptor group adds up to more than the total number species in the Lotus spreadsheets because a 

species may have been analyzed for more than one tissue type and/or age group 

Table 2: Summary Statistics for the Hg Toxicity Reference Value (TRV) Databases 

Receptor Groupa Age Group # of species Number of TRV Data points 

No Effect TRV Effect TRV 
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Table 2: Summary Statistics for the Hg Toxicity Reference Value (TRV) Databases 

Receptor Groupa Age Group # of species Number of TRV Data points 

No Effect TRV Effect TRV 

BIRDS juveniles 7 13 17 

adults 8 8 11 

MAMMALS juveniles 0 - -

adults 8 22 28 
a
 TRVs could not be calculated for fish because food ingestion rates and/or Hg concentrations in food were not available. 

2.3 Including Hg Tissue Residue Data Unconnected to Effects

A substantial fraction of the egg, blood, fur, and feather Hg data included in the Lotus spreadsheets 
could not be used to calculate CBRs or TRVs. This was particularly true for data generated from region-wide 
wildlife surveys.  The reason was that those studies did not attempt to link tissue Hg levels to any potential 
effects in birds or mammals. Instead, their goal was simply to report Hg background levels measured in eggs, 
blood, feathers, or fur. 

Those data were retained in the Lotus spreadsheets. It is believed that they will be able to provide a 
rich context for interpreting the analytical results from the wildlife tissue samples collected along the Sudbury 
River and its reservoirs. 

2.4 Primary versus Secondary References 

Every effort was made to obtain and read original references. As a result, most of the data points in 
the Lotus spreadsheets were extracted directly from primary sources.  However, due to time constraints 
towards the end of the project, some of the data were obtained from review articles. The following approach 
was developed to indicate unambiguously that such data came from secondary sources instead of from the 
original papers. 

· In the Lotus spreadsheets, the authors’ names and publication date for the primary reference which 
could not be obtained was followed by the statement “as reported in (Authors and date for the review 
article)”. 

· In Attachments 1 to 3 of this technical memorandum, the statement “as reported in (Authors and date 
for the review article)” was included with each primary reference which could not be obtained.  The full 
reference for each review article was also included in Attachments 1 to 3. 

· In the three-ring binders, copies of the review articles were placed in their proper alphabetical 
locations. In addition, sheets were prepared and printed out showing the primary reference which 
could not be obtained followed by the full reference of the review article which was used to get the 
data. Those sheets were also placed in their proper alphabetical locations in the binders. 

This approach ensures that future users of the databases will be aware of the origin of all the data 
points. 

2.5 Inorganic versus Organic Hg 

The literature review clearly showed that dosing birds or mammals with inorganic Hg resulted in less 
severe effects than dosing the same receptors with equivalent concentrations of organic Hg.  In addition, most 
of the Hg in prey ingested by birds and mammals in the wild appears to be methylated (= organic Hg).  Based 
on these two observations, and in order to remain conservative, CBRs and TRVs were calculated using only 
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studies which exposed birds and mammals to organic Hg. 

The same approach could not be used with fish because there was no clear difference between the 
toxicity of inorganic versus organic Hg.  One reason may be that fish rapidly methylate ingested inorganic Hg 
as part of their detoxification processes. Hence, the development of species-specific no effect and effect 
CBRs for fish did not consider the form of Hg used in the exposures. Data on both organic and inorganic Hg 
were used in the calculations for fish. 

To avoid any confusion on this subject, the form of Hg used in fish, bird, and mammal exposures is 
clearly indicated in the Lotus spreadsheets and the species-specific no effect and effect summary tables 
discussed in the following sections. 

2.6 Reporting Hg Concentrations

Typically, authors reported Hg concentrations either in terms of µg/g or mg/kg. Some exceptions 
included µg/ml (for blood) or µg/kg. To avoid any confusion, the decision was made to standardize all 
concentration units to mg/kg in the Lotus spreadsheets and subsequent calculations. This allowed for direct 
comparisons across studies. 

Most studies analyzed eggs, blood, feathers and fur for total Hg (TM), primarily because TM is 
relatively inexpensive to quantify compared to organic Hg.  Whenever possible, this information was included 
in the concentration units (i.e., mg TM/kg) reported under the Tissue Residue Level column in the Lotus 
spreadsheets. Sometimes, the analytical results were simply reported as “mercury” throughout a paper. 
When it was not possible to determine which specific form of Hg had been analyzed, the concentration units in 
the Lotus spreadsheets were reported as mg Hg/kg. Given the analytical cost considerations, it is probably 
reasonable to assume that most of the latter results were in fact TM. 

2.7 Converting tissue residue data from dry weight (DW) to wet weight (WW) 

2.7.1. Introduction

All the analytical data provided in the spreadsheets needed to be standardized in terms of moisture 
content in order to allow for direct comparison across species and tissue types.  The majority of tissue residue 
data obtained from the literature were reported as WW.  The decision was therefore made to convert all DW 
residue data into WW. 

2.7.2 Fish

Several authors provided fish muscle or whole fish Hg residue concentrations in terms of DW.  To 
convert to WW, it was assumed that the moisture content of an average fish equaled 80% (Kannan et al., 
1998). The available DW results were therefore multiplied by 0.2 to convert them to WW. 

Latif et al. (2001) measured Hg in walleye eggs both on a DW and WW basis. Using information 
provided in their paper, it was calculated that the walleye eggs averaged 70% water. Therefore, any egg Hg 
concentration data reported in terms of DW were multiplied by 0.3 to convert to WW. 

2.7.3 Birds

2.7.3.1 Converting egg Hg concentrations from DW to WW 

Several authors provided egg Hg levels in terms of DW.  King et al. (1994) reported that swallow eggs 
averaged 79% moisture. Therefore, the DW data for this particular study were converted to WW by multiplying 
by 0.21. Scheuhammer et al. (2001) reported an average moisture content in 125 loon eggs equal to 75.1%. 
Lewis et al., (1992) used a water content of 73% for fresh eggs to convert published egg data from WW to DW 
for comparison against their own results. 
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An average was calculated using these three published egg moisture contents.  This value (76%) was 
then used to convert egg residue data for the remaining papers from DW to WW by multiplying the DW results 
by 0.24. 

2.7.3.2 Converting blood Hg concentrations from DW to WW 

Several authors reported blood Hg levels in terms of DW.  Monteiro and Furness (2001) reported that 
the mean moisture content of whole blood collected from shearwater chicks equaled 79.9%.  In addition, figure 
1c in Kahle and Becker (1999) indicated that the ratio of WW blood Hg concentration to DW blood Hg 
concentration in common gull chicks equaled 0.195.  Hence, the moisture content of the Kahle and Becker 
(1999) whole blood equaled 80.5%. 

Based on this information, a value of 80% moisture was selected to convert blood Hg data from DW to 
WW by multiplying the DW results by 0.2. 

2.7. 3.3 Converting blood Hg concentrations from µg/ml to mg/kg 

Several authors reported bird blood Hg levels in terms of µg/ml; all other blood Hg data were reported 
as mg/kg. Data on blood density was required to convert the volume units to mg/kg. 

The average density of blood is around 1.05 g/cm3, which is only 5% above unity. As a simplifying 
principle, it was assumed that blood data reported in µg/ml was directly equivalent to mg/kg. 

2.7.3.4 Converting feather Hg concentrations from DW to WW 

Roughly half of the Hg data for bird feathers were reported as WW (or the equivalent “fresh weight”); 
the other half were reported in terms of DW. A conversion factor was required to standardize all feather Hg 
data to WW. Unfortunately, none of the papers reviewed for this project provided information on the ratio 
between WW and DW in bird feathers. 

Marilyn Spalding from the University of Florida (lead author of Spalding et al., 2000) was contacted to 
discuss this issue.  She reported that in her feeding study using field-collected great egret nestlings, she found 
no weight differences between air dried (WW) versus oven dried (DW) feathers.  She described this finding as 
unsurprising given the fact that keratin is not a living tissue.  She thought that such a pattern would likely hold 
for most residue studies using feathers. 

Based on this expert’s insights, it was decided to use the feather data as reported. No attempts were 
made to derive a DW-to-WW correction factor, which would likely be quite small anyway. 

2.7.4 Mammals

Some of the Hg data for mammal fur were reported as WW (or the equivalent “fresh weight”); some 
were reported as DW. A conversion factor would have been required to standardize all fur Hg data to WW. 
Unfortunately, none of the papers reviewed for this project provided information on the ratio between WW and 
DW in fur. 

Based on the information provided by Marilyn Spalding from the University of Florida, the assumption 
was made that the weight of wet/fresh fur could be considered equivalent to that of dried fur given the non
living nature of this tissue. Therefore, the fur Hg concentration data were used as reported. No attempts 
were made to derive a DW-to-WW correction factor, which would likely be quite small anyway. 

2.8 Calculating CBRs

2.8.1 Introduction
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Deriving CBRs for Hg was a relatively straightforward process.  For a given study, the measured Hg 
residues in fish, bird eggs, blood, feathers or fur were matched against one or more no effects or conservative 
effects endpoints reported for the same test organisms.  The endpoints of interest included mortality, growth, 
reproduction, or behavior. 

Sufficient data were obtained for fish to derive a defensible “effect-to-no effect” ratio. Using this ratio, 
it became possible to estimate conservative no effect residue concentrations when only effect data were 
reported in a paper. The approach used in deriving this ratio for fish is outlined in the next subsection. 

For birds and mammals, on the other hand, no attempts were made to derive a no effect CBR when 
only an effect CBR was provided. 

2.8.2 Calculating an “Effect-to-No Effect” Ratio for Fish

For a number of fish papers, data were available only to link measured Hg tissue residue levels to an 
effects endpoint. It was desirable to augment the fish CBR database by using the existing data to estimate a 
reasonable no effects Hg tissue residue in fish when none had been reported. 

Sufficient no effects and effects residue data were available in the Lotus spreadsheet to develop a 
defensible “effects to no effects ratio”. This analysis is summarized in Table 3 below. 

Table 3: Deriving an Effect to No Effect Ratio Based on Measured Tissue Residue Data in Fish 

Fish Life Stage Endpoint  No Effect Hg Effect Hg Ratio of Reference 

species Analyzed Tissue Residue Tissue Effect to No 

for Hg Residue Effect 

fathead adult reproduction & 0.064 mg/kg 0.57 mg/kg 8.9 Hammerschmidt 
minnow spawning success et al., 2002 

grayling eggs adult feeding 
efficiency 

0.09 mg/kg 0.27 mg/kg 3.0 Fjeld et al., 1998 

mummichog adult males survival 0.20 mg/kg 0.47 mg/kg 2.4 Matta et al., 2001 

mummichog parents sex ratio in 
offspring 

0.44 mg/kg 1.1 mg/kg 2.5 Matta et al., 2001 

walleye juvenile growth 0.25 mg/kg 2.37 mg/kg 9.5 Friedman et al., 
1996a 

fathead 
minnow 

adult reproduction 0.32 mg/kg 1.36 mg/kg 4.3 Snarski & Olson, 
1982 

rainbow trout fingerling survival 0.68 mg/kg 1.6 mg/kg 2.4 Macleod & 
Pessah, 1973 

brook trout adult reproduction 3.5 mg/kg 5 mg/kg 1.4 McKim et al., 
1976 

rainbow trout fingerling growth 7.5 mg/kg 8.5 mg/kg 1.1 Rodgers & 
Beamish, 1982 

rainbow trout fingerling growth 12.5 mg/kg 15 mg/kg 1.2 Wobeser 1975b 

Japanese 
medaka 

embryo survival 16 mg/kg 29 mg/kg 1.8 Heisinger & 
Green, 1975 

note: the tissue residue data are for eggs, whole body or muscle tissue 

Table 3 indicates that the effects to no effects ratio for seven fish species ranged from 1.1 up to 9.5, 
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with a mean of 3.5 (n = 11). Based on this information, it was decided to select a conservative value of 10 to 
convert a measured effect residue level into a no effect residue level when the latter could not be derived 
directly from the available literature. 

The conversion factor was not used to estimate an effect residue level when a study provided only a 
no effect level. In that case, only the no effect tissue residue level was reported and used in the analysis. 

2.9 Calculating TRVs

2.9.1 Calculating Bird TRVs

Over 30 TRVs were calculated in support of this project.  The calculations have been fully documented 
and are appended to each relevant paper in the bird literature binders (Volumes II.a and b). 

Ideally, the information required to derive study-specific TRVs included measured or nominal Hg 
concentrations in the food (mg Hg/kg food) and a daily food intake rate (FIR, kg food/kg body weight/day) at 
the concentration of Hg in food which resulted in no effect or an effect, respectively. With these data, the 
TRVs can calculated as follows: 

TRVno effect (mg Hg/kg BW/d) = food Hg concno effect x FIRno effect (Equation 1) 

TRV effect (mg Hg/kg BW/d) = food Hg conceffect x FIR effect (Equation 2) 

Unfortunately, most bird feeding studies provided only the concentration of Hg in the feed together 
with descriptions of no effects and/or effects resulting from the exposures to that Hg concentration. It became 
necessary to estimate reasonable FIRs in order to calculate the TRVs. 

Two general approaches were used to achieve this goal: 

· If available and appropriate, measured FIRs reported in a different study were used for the same or a 
closely-related species and age group, or 

· FIRs were estimated using a generic allometric equation. 

The generic allometric equation for estimating the FIR in non-passerine birds (i.e., birds other than 
perching song birds belonging to Order Passeriformes) was reported by EPA (1993) as follows: 

FIR (g dry food/bird/day) = 0.301 BW0.751(BW in g, WW) (Equation 3) 

Equation 3 required a bird’s BW to estimate a FIR in terms of g dry food consumed per animal per 
day. However, the units of the FIR had to be changed to kg wet food/kg BW/day for use in the TRV database.
 The output of Equation 3 was therefore modified as follows: 

· Step 1: divide the FIR obtained using Equation 3 by an appropriate age-specific BW (in kg) to 
generate the FIR in terms of g dry food/kg BW/day, 

· Step 2: divide the age-specific FIR by 1000 to convert the units from g dry food to kg dry food. 
· Step 3: change the age-specific “dry” food FIR to an age-specific “wet” food FIR. 

This last step was straightforward for the few studies which had dosed their experimental birds using 
“wet” food (e.g., egrets fed Hg-contaminated fish or hawks fed Hg-contaminated chickens). In those 
instances, the assumption was made that the water content of fresh succulent food equaled 0.80.  Therefore, 
the “dry food” FIR was simply multiplied by a factor of five in order to estimate a corresponding “wet food” FIR. 

One paper (Spalding et al., 2000) provided the opportunity to directly compare measured FIRs to 
estimated FIRs in young egrets fed “wet” food. Appendix 1 to this technical memorandum provides the 
calculations using two different allometric equations. The first allometric equation was Equation 3 discussed 
previously, whereas the second allometric equation was specific for colonial wading birds as reported in EPA 
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(1993). The difference between the measured and estimated FIRs equaled 22% and 4%, respectively.  These 
calculations suggested that a reasonable match could be developed between measured and estimated FIRs 
using allometric equations in birds which were fed “wet” food. 

Step 3 was not straightforward for studies which used birds that  were fed Hg-contaminated pelletized 
food ad libitum (e.g., pheasants, chickens, quails, ducks).  Appendix 2 to this technical memorandum shows 
that when the available measured FIRs were compared to the FIRs derived using the non-passerine allometric 
equation (Equation 3), the measured FIRs consistently fell between the estimated “dry” and “wet” food FIRs.  A 
mean correction factor of 2.0 was calculated using the data summarized in Exhibit 1 of Appendix 2.  When 
appropriate, this mean correction factor was used to transform an estimated “dry” food FIR to an FIR more 
representative of birds fed pelletized food. 

Finally, most studies summarized in the TRV database used young birds which gained significant 
weight during the course of a feeding experiment.  This weight gain represented a challenge because 
measured FIRs were typically unavailable and therefore estimated FIRs had to be calculated based on BW. 
The FIR would change throughout a particular exposure period since BW increased continuously during the 
rapid growth phase of the young exposed birds. 

This problem was solved by estimating BW at regular time intervals during a particular exposure 
period. A FIR would then be calculated for each time interval using that interval’s measured or estimated BW. 
The final FIR used for estimating a daily dose for the whole exposure period was calculated by summing the 
individual FIRs and dividing the total by the number of time intervals. While this approach did not represent a 
perfect time integration, the results discussed in Appendix 1 suggested that it produced defensible FIRs. 

2.9.2 Calculating Mammal TRVs

Obtaining TRVs for mammals was considerably easier than for birds.  The main reason was that the 
mammal feeding studies used mainly adult animals which were assumed to retain a constant BW throughout 
an exposure period (unless otherwise indicated).  Hence, there was no need to estimate BWs at different time 
intervals during a long-term exposure in order to calculate an average FIR.  Also, about half of the papers 
provided their own calculated daily doses, which simplified the whole process considerably.  As with the birds, 
all the daily dose calculation steps are fully documented and have been appended to their respective papers in 
Volume III (Mammals) of the three-ring binder sets. 

3.0 FISH

3.1 Introduction

Attachment 5.1 is a Lotus spreadsheet which provides all of the available fish Hg CBRs collected for 
this project. Attachment 5.2 is a table developed based on information presented in Attachment 5.1.  It 
summarizes the most conservative species-specific no effect and effect Hg residue data available for each fish 
(and one amphibian) species discussed in Attachment 5.1.  The data in Attachment 5.2 were then plotted to 
help visualize the range of  species-specific no effect and effect thresholds. The plots are shown in 
Attachments 5.3a (eggs/embryos) and b (all older life stages). 

3.2 CBR Database

The data in Attachment 5.2 have been organized by age group (i.e., eggs/embryos and all older life 
stages). This division recognizes that fish embryos can be significantly more sensitive to Hg exposure 
compared to post-embryonic life stages. It would also have been incorrect to include embryonic data to 
calculate a CBR for comparison against whole body or muscle Hg residue data from older fish collected from 
the Sudbury River. Hence, the embryonic data are provided separately and for reference only. 

As shown in Attachment 5.2, data are available for a wide range of fish species and responses. From 
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an ecological perspective, however, reproduction represents the endpoint of greatest concern for the long-term 
maintenance of healthy fish populations in the wild. Based on this reasoning, it was decided to focus the CBR 
calculations only on those studies which quantified reproductive impairment based on tissue Hg levels in 
parent fish. 

Four long-term reproductive studies summarized in Attachment 5.2 fell into this category, namely 
Hammerschmidt et al., 2002 (fathead minnows exposed to organic Hg in diet), Snarski and Olson, 1982 
(fathead minnows exposed to inorganic Hg in water), Matta et al., 2001 (mummichogs exposed to organic Hg 
in diet) and McKim et al., 1976 (multi-generational test using brook trout exposed to organic Hg in water).  Of 
those three species, reproduction in brook trout appeared to be up to one order of magnitude less sensitive to 
Hg than the other two species. To keep the assessment conservative, it was decided to omit the brook trout 
data and focus on the two remaining species. 

To derive a conservative no effect CBR for reproduction in fish, the geometric mean was calculated for 
the no effect whole body Hg concentrations reported by Snarski and Olson (1982) and Matta et al. (2001). This 
value equals 0.38 mg/kg (WW).  The no effect concentration reported by Hammerschmidt et al. (2002) was 
excluded from this calculation because this value represents the whole body Hg concentration for their control 
fish. 

A geometric mean was calculated for the lowest effect whole body Hg concentrations reported for the 
two fathead minnow studies by Snarski and Olson (1982) and Hammerschmidt et al. (2002). This value 
equaled 0.96 mg/kg. A conservative effect CBR for reproduction in fish was then calculated as the  geometric 
mean of the fathead minnow and mummichog effects values. The final result equaled 1.03 mg Hg/kg (WW). 

In summary, conservative no effect and effect CBRs to protect fish from reproductive impairment as a 
result of Hg exposure are equal to 0.38 and 1.03 mg Hg/kg whole body (WW), respectively. Based on these 
thresholds, long-term population-level risk to fish can be assumed to be negligible if measured Hg residues in 
whole fish/muscles remain below the no effect CBR.  A potential for risk can be assumed to be present if 
measured Hg levels in whole fish/muscles exceed the effect CBR. 

4.0 BIRDS

4.1 CBR Databases for Birds

Attachment 6.1 is a Lotus spreadsheet which provides all of the available Hg tissue residue and 
effects data for birds collected for this project.  Attachment 6.2, which is a summary table developed based on 
information presented in Attachment 6.1, provides the most conservative egg, blood and feather no effect and 
effect Hg residue data available for each individual bird species. 

A decision was made to combine the data across age groups (pre-fledged and post-fledged) for blood 
and feather residue levels in order to increase the size of the data set from which to derive defensible blood 
and feather CBRs. When data were available for both pre-fledged and post-fledged birds of the same species, 
the most conservative of the two sets of values were selected. This approach ensured that residue data for 
the most sensitive life stage was always used to derive species-specific values.  Appended to each species 
name in the blood and feather sections of Attachment 6.2 are the terms “pre-fledged“ and “post-fledged“ in 
parentheses to indicate whether the data represented pre-fledged or post-fledged birds. 

The data in Attachment 6.2 were plotted to help visualize the range of species-specific egg, blood, and 
feather no effect and effect thresholds.  These plots are shown in Attachments 6.3a (eggs), b (blood), and c 
(feathers), respectively. 

4.1.1 Deriving a Conservative No Effect and Effect CBR for Bird Eggs 

Attachment 6.2 shows that 20 no effect and 17 effect data points for Hg residues in eggs were 
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available for 24 bird species.  The most sensitive species appears to be the chicken, with significantly higher 
mortality in embryos exposed to 0.05 mg Hg/kg during development. Mortality increased significantly in 
embryos from five additional bird species exposed to <0.5 mg Hg/kg during development. It is important to 
note that all of these data were generated by Heinz (2003) based on egg injections under controlled laboratory 
conditions. The literature review indicated that the lowest mean Hg concentration measured in field-collected 
eggs which resulted in impaired reproductive success equaled 1.39 mg/kg for common loons.  This value is up 
to an order of magnitude higher than the effect concentrations for sensitive bird species reported by Heinz 
(2003) in his egg injection studies. 

Several review papers have suggested a no effect and effect CBR for Hg in bird eggs equal to 0.5 and 
1.0 mg Hg/kg, respectively (Thompson, 1996; Scheuhammer et al., 2001).  The data from Heinz (2003), which 
were generated after these reviews were published, indicated that these threshold values would need to be 
adjusted downward substantially in order to protect sensitive bird species. A fundamental assumption of this 
downward adjustment would be that the toxic effect of organic Hg injected in eggs on the 3rd day of embryonic 
development is equivalent to the toxic effect of the same amount of organic Hg deposited into the egg by the 
female during egg production. No information was found in the literature to either prove or disprove this basic 
assumption. 

The effects data presented in Attachment 6.2 were analyzed to calculate the 5th and 10th percentile of 
the available distribution for use as a conservative effect Hg CBR in bird eggs.  These values equaled 0.09 
and 0.16 mg Hg/kg, respectively.  Given the robustness of the effects database for bird eggs, it is suggested 
that the 10th percentile value be selected as a conservative generic effect CBR for use in the Sudbury River 
BERA, unless residue data specific to a particular target wildlife receptor are available. A no effect Hg CBR in 
bird eggs could not be established using this approach.  If follow-up discussions between EPA and Dr. Heinz 
indicate that the generic threshold effect level for bird eggs proposed in this technical memorandum is 
unrealistically low, then it might be reasonable to revert back to the thresholds suggested by Thompson (1996) 
and Scheuhammer et al. (2001). 

4.1.2 Deriving a Conservative No Effect and Effect CBR for Bird Blood 

Attachment 6.2 shows that five no effect and four effect blood Hg concentrations were available for 
seven bird species. The most sensitive species and life stage appears to be the common loon chick as 
reported by Nocera and Taylor (1998). None of the studies in the blood database assessed reproductive 
impairment directly. 

The results by Nocera and Taylor (1998) are based on field observations of loon chick behavior 
associated with an intensive blood sampling program.  The authors found a strong correlation between 
increased blood Hg concentration in chicks and changes in two behavioral responses (i.e., decrease in the 
amount of time riding parents’ backs and increase in time spent preening). The authors indicated that these 
behavioral changes resulted in increased energy expenditures which were not compensated for with a higher 
feeding rate or more begging to parents for food. These results suggested a reduction in the overall fitness of 
the affected chicks. Using their data set, Nocera and Taylor (1998) indicated that blood Hg concentrations 
between 1.25 and 1.5 mg/kg were at, or near, a critical behavioral and/or lethal effect level for loon chicks. 

Based on these observation, 1.25 mg Hg/kg was selected as a conservative effect CBR for bird blood. 
This proposed value is about one order of magnitude lower than the next two effects CBRs (i.e., great egret = 
11-12 mg/kg and pigeon = 12 mg/kg).  It also appears overly conservative when compared to all the other no 
effect blood residue levels available from the database. However, because of the limited amount of effect data 
for Hg in blood and the subtle neurological impairments, it seemed prudent to err on the cautious side unless 
additional blood data become available in the near future to justify a higher value. 

4.1.3 Deriving a Conservative No Effect and Effect CBR for Feathers 

Attachment 6.2 shows that 13 no effect and three effect feather Hg concentrations were available for 
15 bird species. The most sensitive species appears to be the mallard duck as reported by Heinz (1979). 
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Heinz (1979) measured the reproductive success of mallards fed a constant Hg-contaminated diet 
over three consecutive generations.  He reported that his dietary exposure resulted in various reproductive 
impairments, including significantly more eggs laid outside of nest boxes, a reduction in the number of sound 
eggs, and a reduction in the number of one-week old ducklings produced. He also analyzed the Hg 
concentration in hen feathers over three generations and reported that residue levels in feathers exceeding an 
average of 9.1 mg/kg produced the reproductive impacts discussed above. 

The suggested effect CBR for feathers is low when compared to the two other effect data points 
presented in Attachment 6.2. However, the strength of the Heinz (1979) study (i.e., exposure over three 
consecutive generations, reproductive endpoints) clearly indicates that this effect CBR is relevant. Also, 
because of the limited amount of effect data for Hg in feathers, it would be prudent to err on the cautious side 
unless additional data become available in the near future to justify a higher value 

4.2 TRV Database for Birds

Attachment 6.4 is a Lotus spreadsheet which provides all the available no effects and effects TRV 
data for birds obtained for this project. Attachment 6.5 is a summary table developed based on the information 
presented in Attachment 6.4. It provides the most conservative no effects and effects TRVs for each bird 
species. It shows that eight no effect and ten effect TRVs were available for 12 bird species, including the 
fish-eating great egret. The data in Attachment 6.5 were plotted in Attachment 6.6 to help visualize the range 
of species-specific no effect and effects thresholds. The information can be summarized as follows: 

· 	 The most sensitive effect TRV for birds equaled 0.093 mg Hg/kg BW/day based on measured 
reductions in appetite and growth in juvenile great egrets reported by Spalding et al. (2000). Since 
this value represented the lowest Hg dose used in the study, a no effect TRV could not directly be 
derived for this species.  The next lowest effect TRV, which reflected significant decreases in the 
weight of exposed chickens, equaled 0.21 mg Hg/kg BW/day. 

· 	 A study by Heinz (1974), which reported on the impact of long-term Hg exposure on reproduction in 
mallard ducks, provided supporting information to establish an upper limit for a no effect TRV.  Heinz 
(1974) reported no significant impact on egg hatchability or duckling survival in hens receiving a dose 
of 0.071 mg Hg/kg BW/day (note that the author reported a significant drop in egg hatchability and 
duckling survival at a dose of 0.43 mg Hg/kg BW/day). In addition, Lewis and Furness (1991) 
exposed black-headed gull chicks for ten consecutive days to 0.07 mg Hg/kg BW/day, which 
represents a dose chosen to be within the range of exposures naturally experienced by wild gull 
chicks. The authors reported no negative effects on their experimental birds. 

Based on the information summarized above, a no effect and effect daily dose of 0.071 mg Hg/kg 
BW/day and 0.093 mg Hg/kg BW/day could be selected as the generic no effect and effect bird TRVs, 
respectively, for use in the Sudbury River BERA. 

It was suspected, however, that the generic no effect TRV for birds was not sufficiently conservative 

because the ratio of the no effect TRV to effect TRV equaled only 1.3 (i.e., 0.093 y 0.071). This relatively 
small difference was due to the fact that the TRVs were derived from two different studies and species. A 
review of the ratios for species-specific no effect and effect TRVs in Attachment 6.5 indicated that they ranged 
from 2 to >10. Based on these observations, it was decided to calculate a no effect TRV by dividing the effect 
TRV for egrets (i.e., 0.093 mg Hg/kg BW/day) by a factor of 2.0.  Therefore, the proposed new generic no 
effect TRV for birds equals 0.047 mg Hg/kg BW/day. If warranted, this factor could be further increased to 
generate a more protective generic no effect TRV for birds. It is noted that the ratio of the generic no effect to 
effect TRVs in mammals equals 2.5 (see section 5.2 below). 

5.0 MAMMALS
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5.1 CBR Databases

Attachment 7.1 is a Lotus spreadsheet which provides all of the available Hg tissue residue and 
effects data for mammals collected for this project. Attachment 7.2 is a table developed based on information 
presented in Attachment 7.1. It summarizes the most conservative blood and fur no effect and effect Hg 
residue data available for each mammal species. The data in Attachment 7.2 were plotted in Attachments 
7.3a (blood) and b (fur) to help visualize the range of species-specific no effect and effect thresholds. 

5.1.1 Deriving a Conservative CBR for Mammalian Blood 

Attachment 7.2 shows that six no effect and four effect blood Hg concentrations were found for seven 
mammal species. The two most sensitive species appear to be the macaque monkey and the cat.  Of those 
two, the monkey study is the most relevant because it reports on reproductive endpoints and also provides the 
most conservative residue levels. 

Based on the data in Attachment 7.2, it would not appear unreasonable to assume that if the adult 
cats had been allowed to breed during their two-year exposure period, then the no effect and effect blood 
residue levels for reproduction would have been lower than the threshold for neurotoxicity in adult cats and 
might even be similar to those reported for the monkey study.  It is also interesting to note that blood Hg levels 
up to 0.63 mg/kg in mink did not result in brain Hg levels known to cause toxicity. This value provides an upper 
no effect level for Hg in mink blood. 

Based on this information, the generic no effect and effect blood residue level for Hg in mammal blood 
was estimated to be 1.0 mg Hg/kg or lower and 1.5 mg Hg/kg or higher, respectively.  These values are 
suggested for use in the Sudbury River BERA, unless data specific to a target mammal receptor is available. 

5.1.2 Deriving a Conservative CBR for Mammalian Fur 

Attachment 7.2 shows that five no effect and three effect fur Hg concentrations were found for five 
mammal species. The most sensitive species appeared to be the deer mouse, followed by the mink.  Of those 
two, the mink study was the most relevant because it reported on reproductive endpoints generated under 
controlled laboratory conditions. However, this study did not provide the most conservative residue levels. 

The deer mouse study (Burton et al., 1977) used animals collected in the field from a reference 
location and an area containing mouse food high in Hg.  The mice were brought into the laboratory and tested 
for swimming ability and stress tolerance. In other words, the endpoints of interest were behavioral in nature. 
While it may not be immediately obvious how such impairments might affect the long-term health of a 
population, it was assumed that they reflected reduced fitness.  Significant differences were observed in these 
endpoints between the two populations which were reflected in the different Hg contents of their fur. 

Based on this information, the no effect and effect residue level for Hg in mammal fur was estimated 
at 1.3 mg Hg/kg and 7.8 mg Hg/kg, respectively. These values are suggested for use in the Sudbury River 
BERA, unless specific fur data are available for a particular mammal receptor of concern. 

The proposed effect threshold is low but appears reasonable.  It is only 2.5 times below the effects 
threshold established by Halbrook et al. (1997) for reproductive impairment in mink. Halbrook et al. (1997) 
also reported that litter size was already marginally lower in female mink with fur containing an average Hg 
concentration of 13.4 mg Hg/kg. The proposed effect threshold is only 1.7 times lower than this marginal 
effects fur residue level. 

On the other hand, the proposed no effect threshold appears too low when compared to the available 
species-specific no effect values. This threshold may need to be adjusted upward if additional data became 
available to justify an upward correction. 
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5.2 TRV Database for Mammals

Attachment 7.4 is a Lotus spreadsheet which provides all of the available TRV data for mammals 
collected for this project. Attachment 7.5 is a table developed based on information presented in Attachment 
7.4. It summarizes the most conservative no effect and effect TRVs available for each individual mammal 
species. The data in Attachment 7.5 were plotted to help visualize the TRVs. These plots are shown in 
Attachments 7.6. 

As indicated in Attachment 7.5, conservative TRVs were available for eight mammal species, 
including the fish-eating mink and river otter. The information can be summarized as follows: 

· 	 Based on the available data, it appears that mammals are, on average, more sensitive to Hg than 
birds. Five of the seven effect TRVs were equal to or lower than 0.1 mg Hg/kg BW/d.  The difference 
between the lowest effect TRV (mink = 0.035 mg Hg/kg BW/d) and highest effect TRV (dog = 0.1 mg 
Hg/kg BW/d) in this group was less than a factor of 3. 

· 	 Three no effect TRVs were available for the group of five species mentioned in the previous 
paragraph. The difference between the lowest no effect TRV (mink = 0.014 mg Hg/kg BW/d) and 
highest no effect TRV (monkey = 0.050 mg Hg/kg BW/d) in this group was also less than a factor of 3. 

Overall, mink was the most sensitive species to Hg, closely followed by the cat. The generic no effect 
and effect TRV for Hg in mammals was set at 0.014 mg Hg/kg BW/d and 0.035 mg Hg/kg BW/d, respectively, 
to reflect the high sensitivity of mink to Hg exposure. These values are suggested for assessing the potential 
for risk to mammal wildlife receptors in the Sudbury River BERA. They were not considered too conservative 
on the basis that the measured no effects and effect TRVs for several other mammal species fell within a 
factor of three of the proposed values. 

If a wildlife receptor other than the mink were to be assessed in the Sudbury BERA, then these 
generic TRVs would need to be adjusted to the body weight of the target receptor.  As discussed in Sample et 
al. (1996), the formula for estimating a TRV for any mammal based on a TRV derived from a particular test 
species is as follows: 

TRVa = TRVb x (Bwb/BWa)
¼ (Equation 4) 

Where: TRVa = calculated TRV for the mammal of concern 
TRVb = measured TRV for the test species 
Bwa  = body weight (kg) for the mammal of concern 
Bwb  = body weight (kg) for the test species 

For example, a no effect and effect TRV for the raccoon (estimated adult BW = 5.6 kg) can be 
calculated using Equation 4, as follows: 

no effect TRVraccoon = no effect TRVmink x (BWmink/BWraccoon)
¼ 

no effect TRVraccoon = 0.014 mg/kg/d x (1.2 kg/5.6 kg)¼ 

no effect TRVraccoon = 0.009 mg/kg/d 

effect TRVraccoon = effect TRVmink x (BWmink/BWraccoon)
¼ 

effect TRVraccoon = 0.035 mg/kg/d x (1.2 kg/5.6 kg)¼ 

no effect TRVraccoon = 0.024 mg/kg/d 

Note that according to Sample et al. (1996), this adjustment is not required to extrapolate TRVs across 
different bird receptors. 
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6.0 SUMMARY AND CONCLUSIONS

ESAT completed and summarized a comprehensive literature search on the effects of Hg to fish, birds 
and mammals. The ultimate goal of this effort was to develop defensible no effect and effect critical body 
residues (CBRs) and toxicity reference values (TRVs) for use in the Sudbury River BERA. 

Table 4 summarizes the proposed generic CBRs for whole fish/muscle, bird and mammal blood, bird 
eggs, feathers, and fur. It is noteworthy that the effects CBRs for bird and mammal blood, and feathers and 
fur are quite similar. 

Table 4: Summary of Tissue-Specific Generic No effect and Effect CBRs  
for Fish, Birds and Mammals 

Receptor Group Tissue Type Generic Critical Body Residues (CBR) for Hg 

No Effect CBRs Effect CBRs 

FISH whole body/muscle 0.38 mg Hg/kg tissue 1.03 mg Hg/kg tissue 

BIRDS eggs not available 0.16 mg Hg/kg tissue 

blood not available 1.25 mg Hg/kg tissue 

feathers not available 9.1 mg Hg/kg tissue 

MAMMAL blood 1.0 mg Hg/kg tissue 1.5 mg Hg/kg tissue 

fur 1.3 mg Hg/kg tissue 7.8 mg Hg/kg tissue 

Table 5 summarizes the proposed generic TRVs for birds and mammals. These values suggest that 
sensitive species of mammals can be expected to be affected by Hg at doses which are about three times 
lower than those affecting sensitive species of birds. 

Table 5: Summary of Generic No Effect and Effect TRVs for Birds and Mammals 

Receptor Group Generic Toxicity Reference Values (TRV) for Hg 

No Effect TRVs Effect TRVs 

BIRDS 0.047 mg Hg/kg BW/ day 0.093 mg Hg/kg BW/day 

MAMMALS 0.014 mg Hg/kg BW/day 0.035 mg Hg/kg BW/day 

As a reality check, the proposed TRVs in Table 5 were compared against values presented in EPA 
(1997). EPA (1997) calculated reference doses (RfDs) for methylmercury, which they defined as chronic no 
observed adverse effect levels (NOAELs).  Those RfDs, which were calculated from laboratory toxicity studies 
divided by appropriate uncertainty factors, would be equivalent to the generic no effect TRVs provided in Table 
5. Unfortunately, EPA (1997) did not provide chronic LOAELs for comparison against the generic effect 
TRVs. 

EPA (1997) calculated a RfD for avian wildlife equal to 0.021 mg Hg/kg BW/day and a RfD for 
mammalian wildlife equal to 0.018 mg Hg/kg BW/day. These two values compare favorably to the generic no 
effect TRVs in Table 5, considering that the latter were developed based on completely different lines of 
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evidence than the EPA (1997) RfDs. 

The values summarized in Tables 4 and 5 can be considered conservative but for the most part 
realistic. The CBR for bird eggs is probably still open to question as it was driven largely by data derived from 
egg injection studies instead of eggs dosed naturally through maternal deposition.  The proposed effect CBR 
for eggs (i.e., 0.16 mg/kg) is substantially lower than the effect CBR (i.e., 1.0 mg/kg) derived from other types 
of studies. It seems that this issue should be fully discussed with Dr. Gary Heinz (USGS Patuxent Wildlife 
Research Center, MD) to ensure that the egg injection studies can indeed be used to calculate a defensible 
effect CBR for bird eggs. Also, the no effect CBR for fur appears low when compared to the other no effect fur 
CBRs summarized in Attachment 7.2. However, without additional data, it is a challenge to suggest a higher 
but still defensible no effect CBR for fur. 

The high degree of conservatism built into the CBRs and TRVs will likely protect a range of potential 
wildlife receptors against the subtle neurologic effects of Hg which may not have been captured by the non-
behavioral endpoints assessed in this review.  An example of this phenomenon are the behavioral studies with 
the loon chicks (Nocera and Taylor, 1998) and field-collected deer mice (Burton et al., 1977) which provided 
the CBRs for bird blood and mammal fur, respectively. 

The generic CBRs and TRVs should also be considered quite robust due to the reductive approach 
used to generate most of these values. The selection process first identified the most stringent within-species 
values and then selected the most stringent inter-species values for use as the generic CBRs and TRVs 
(except for the bird egg CBR which was based on the 10th percentile of the available effects data, and the two 
fish CBRs which were derived from several reproduction studies). It seems therefore unlikely that additional 
data would substantially modify the proposed generic CBRs or TRVs, unless the new data points fell below the 
values shown in Tables 4 and 5. 

Finally, the data presented in Tables 4 and 5 allowed for several general inferences.  For example, the 
mammal and bird TRVs was used to estimate what Hg concentration in fish from the Sudbury River would 
result in exceeding the no effect and effect TRVs in piscivorous wildlife receptors.  The “Hg in fish” results 
shown in Table 6 were calculated based on the relationship between TRV and FIR first presented in equations 
1 and 2. These equations can be modified to estimate a target Hg concentration based on a generic TRV and 
species-specific FIR. 

Table 6: Example Calculations to Determine No Effect and Effect Threshold Hg Concentrations in Fish 

from the Sudbury River 

Wildlife 

Receptor
a 

TRV (mg Hg/kg BW/day)
b 

FIR (kg food/kg 

BW/day)
c 

Hg in Fish (mg/kg) 

No Effect Effect No Effect Hg Conc.
d 

Effect Hg Conc.
d 

fish - - - 0.38
e 

1.03
e 

great blue 
heron 

0.047 0.093 0.18 0.26 0.52 

mink 0.014 0.035 0.16 0.09 0.22 

a 
simplifying exposure assumptions for birds and mammals include (a) fish comprise 100% of their diet and (b) 100% of their diet is 

obtained from the Sudbury River 
b
 these values are from Table 5 in this technical memorandum 
from EPA (1993) 

d
 for the heron and mink, the no effect Hg conc. in fish = TRVno effect y FIR, whereas the effect Hg conc. in fish = TRV effect y FIR 

e
 these values are from Table 4 in this technical memorandum 

These simple calculations and comparisons suggested that unacceptable risk to mink feeding 
exclusively on fish from the Sudbury River could be present at Hg concentrations in fish which would be too 
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low to affect the long-term health of fish populations within this river.  Conversely, risk to sensitive mammal 
and avian piscivores could be expected if the average tissue residue in fish from the Sudbury River exceeded 
0.22 and 0.52 mg/kg, respectively. These two threshold values are well below the effect CBR for fish, 
indicating that if risk were associated with the measured Hg tissue residue in fish, it would affect the mink and 
then the blue heron before impacting local fish populations. 
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Appendix 1: Comparing measured versus estimated daily doses in birds fed a “wet” diet 

The study by Spalding et al. (2000) allowed for a direct comparison between measured and estimated 
daily doses in birds fed a “wet” diet. The goal was to quantify the difference between measured and estimated 
daily doses. 

Spalding et al. (2000) fed methyl mercury chloride (“low dose” = 0.5 mg Hg/kg and “high dose” = 5.0 
mg Hg/kg) to captive young great egrets starting at age two weeks and ending at age 13 weeks (exposure 
period = 11 weeks; see Column A in Exhibit 1). 

Calculating a Measured Daily Dose 

In Figure 4 of their paper, Spalding et al. (2000) graphed the measured weekly-averaged daily food 
intake rate (FIR; kg food/kg bird/d). Those data are presented in Column B in Exhibit 1. 

Spalding et al. (2000) reported in their Result section that “Methylmercury chloride consumed (mg/kg 
body weight) varied with amount of food consumed and ranged from a high of 0.135 mg/kg/day during wk 3 to 
a low of 0.048 mg/kg/day during wk 13”. These two values are highlighted in Column C in Exhibit 1. Note that 
this column refers specifically to the 0.5 mg Hg/kg food exposure series. 

Because (a) daily dose (mg Hg/kg body weight [BW]/d) = [Hg]food (mg Hg/kg food) x FIR (kg food/kg 
BW/d) and (b) [Hg]food is a variable which was kept constant over the 12 week exposure period, one can use 
the ratio between FIR and daily dose for weeks 3 and 13 to “back-calculate” the daily doses for the remaining 
weeks. 

The ratio for week 3 equals 2.015 (0.272 y 0.135). The ratio for week 13 equals 2.25 (0.108 y 0.048). 
These two ratios, which should theoretically be very similar, differ somewhat probably due to inaccuracies with 
extrapolating the FIRs by hand from Fig. 4 in Spalding et al. (2000) and using averaged data. Column C in 
Exhibit 1 was completed by dividing the average of these two ratios (2.13) into the remaining FIRs from 
Column B. Summing all the daily doses in Column C and dividing by the number of weeks (n=12) yields a 
mean daily dose equal to 0.093 mg/kg/d (see “Means” at bottom of Exhibit 1). 

This average daily dose was obtained directly from data presented in Spalding et al. (2000). As such, 
it becomes the standard against which to compare an average daily dose estimated on the basis of 
reasonable assumptions and allometric equations. 

Estimating a Daily Dose Using Reasonable Assumptions and Allometric Equations 

The task was to calculate a daily dose for the great egret nestlings used in Spalding et al. (2000) with 
the Hg concentration in food (0.5 mg Hg/kg food) as the only study-specific data point. 

Growth data for the great blue heron was used as a surrogate for the great egret. This assumption 
was reasonable based on information in U.S. EPA (1993) which indicated that the great egret is almost the 
same size as the great blue heron. Blue heron age-weight data are provided on p. 2-8 in U.S. EPA (1993). The 
available data were plotted by eye to generate a generic growth curve which was then used to extrapolate 
weekly BW data for use in the analysis. Those extrapolated BW data are shown in Column D of Exhibit 1. 

The BW data were used to estimate a daily food intake based on two different published equations. 

The first equation, presented on p. 2-4 in U.S. EPA (1993), was developed by Kushlan (1978). It 
relates the amount of food ingested per day to BW based on data from seven species of wading birds. The 
regression equation is as follows: 

log food ingestion (g/day) = 0.966 log BW (g) - 0.64 (Equation 1) 
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Equation 1, together with the estimated BW from Column D (converted to g), was used to calculate the 
FIRs shown in Column E in Exhibit 1. Note that the output generated by this equation was divided by 1,000 to 
change the units back to kg. In addition, the output generated by equation 1 is not standardized to a 1 kg 
animal. To achieve this goal, the FIRs in Column E were divided by their corresponding BWs in Column D. 
The results are shown in Column F. 

The second equation, presented as equation 3-5 on p. 3-5 in U.S. EPA (1993), was developed by 
Nagy (1987). This allometric equation relates the amount of food ingested per day to body weight for non
passerine bird species. The equation is as follows: 

FIR (g dry/day) = 0.301 Wt0.751 (g)   (Equation 2) 

Equation 2, together with the estimated BW from Column D (converted to g), was used to calculate the 
FIRs shown in Column H in Exhibit 1. Several steps were required to generate this output. First, equation 2 
estimated FIRs for dry food. The results were therefore multiplied by a factor of five to approximate a diet with 
80% water content. Secondly, the FIRs were divided by 1,000 to change the units back to kg. Lastly, the FIRs 
were standardized to a 1 kg animal by dividing the FIRs by their corresponding BWs found in Column D. The 
results of these calculations are shown in Column H. 

Sufficient information is now available to estimate daily doses for the great egrets using the formula: 

estimated daily dose (mg Hg/kg BW/d) = [Hg]food (mg Hg/kg food) x FIR (kg food/kg BW/d) 
For the Kuhlan (1978) calculations, the age-specific estimated FIR (Column F) was multiplied by 0.5 

mg Hg/kg food to generate the estimated daily doses in Column G. Adding up all the daily doses in Column G 
and dividing the sum by the number of weeks (n=12) yields a mean daily dose of 0.089 mg/kg/d (see “Means” 
at bottom of Exhibit 1). This value is within 4% of the mean measured daily dose derived from the measured 
data presented in Spalding et al. (2000). 

For the Nagy (1987) calculations,  the age-specific estimated FIR (Column H) was multiplied by 0.5 
mg Hg/kg food to generate the estimated daily doses in Column I. Adding up all the daily doses in Column I 
and dividing the sum by the number of weeks (n=12) yields a mean daily dose equal to 0.119 mg/kg/d (see 
“Means” at bottom of Exhibit 1). This value exceeds the daily dose derived from the data presented in Spalding 
et al. (2000) by about 22%. The most likely reason is that the allometric equation developed by Nagy (1987) 
applies to a wide range of non-passerine bird species, whereas the equation developed by Kuhlan (1978) is 
specific to seven species of wading birds. 

CONCLUSION 

The calculations indicate that it is possible to generate reasonable species-specific estimates of FIRs 
in birds fed “wet” food when the only available study-specific input variable is the Hg concentration in the food 
itself. The accuracy of the estimated FIR will depend in part on the quality of allometric equation used to 
estimate food intake. An allometric equation derived for species that closely resemble the target bird species in 
feeding habits will generate estimates that are much closer to reality compared to a more generic equation. 
Nonetheless, even the generic equation provided an estimate that was reasonably close to the measured 
value. 

Exhibit 1: Comparing Measured versus Estimated Daily Doses in Great Egret Juveniles 

Column 

A 

Column B Column C Column D Column E Column F Column G Column H Column I 

measured daily dose 

 based on Spalding et al. (2000) 

estimated daily doses 

based on Kuhlan (1978) 

estimated daily doses 

 based on Nagy (1987) 

Age 

(weeks) 

measured 

FIR 

measured 

daily dose 

estimated 

BW 

estimated 

FIR 

estimated 

FIR 

estimated 

daily dose 

estimated 

FIR 

estimated 

daily dose 
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Exhibit 1: Comparing Measured versus Estimated Daily Doses in Great Egret Juveniles 

Column 

A 

Column B Column C Column D Column E Column F Column G Column H Column I 

measured daily dose 

 based on Spalding et al. (2000) 

estimated daily doses 

based on Kuhlan (1978) 

estimated daily doses 

 based on Nagy (1987) 

Age 

(weeks) 

measured 

FIR 

measured 

daily dose 

estimated 

BW 

estimated 

FIR 

estimated 

FIR 

estimated 

daily dose 

estimated 

FIR 

estimated 

daily dose 

2 0.249 kg/kg/d 0.117 mg/kg/d 0.75 kg 0.137 kg/d 0.183 kg/kg/d 0.092 mg/kg/d 0.290 kg/kg/d 0.145 mg/kg/d 

3 0.272 kg/kg/d 0.135 mg/kg/d 1.12 kg 0.202 kg/d 0.180 kg/kg/d 0.090 mg/kg/d 0.262 kg/kg/d 0.131 mg/kg/d 

4 0.231 kg/kg/d 0.108 mg/kg/d 1.45 kg 0.259 kg/d 0.179 kg/kg/d 0.090 mg/kg/d 0.246 kg/kg/d 0.130 mg/kg/d 

5 0.202 kg/kg/d 0.095 mg/kg/d 1.78 kg 0.316 kg/d 0.178 kg/kg/d 0.089 mg/kg/d 0.233 kg/kg/d 0.117 mg/kg/d 

6 0.180 kg/kg/d 0.084 mg/kg/d 1.96 kg 0.347 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.228 kg/kg/d 0.114 mg/kg/d 

7 0.205 kg/kg/d 0.096 mg/kg/d 1.99 kg 0.352 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.227 kg/kg/d 0.114 mg/kg/d 

8 0.185 kg/kg/d 0.087 mg/kg/d 2.0 kg 0.354 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.227 kg/kg/d 0.114 mg/kg/d 

9 0.157 kg/kg/d 0.074 mg/kg/d 2.01 kg 0.356 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.277 kg/kg/d 0.113 mg/kg/d 

10 0.173 kg/kg/d 0.081 mg/kg/d 2.02 kg 0.357 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.227 kg/kg/d 0.113 mg/kg/d 

11 0.138 kg/kg/d 0.065 mg/kg/d 2.03 kg 0.359 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.227 kg/kg/d 0.113 mg/kg/d 

12 0.140 kg/kg/d 0.066 mg/kg/d 2.04 kg 0.361 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.226 kg/kg/d 0.113 mg/kg/d 

13 0.108 kg/kg/d 0.048 mg/kg/d 2.05 kg 0.362 kg/d 0.177 kg/kg/d 0.089 mg/kg/d 0.226 kg/kg/d 0.113 mg/kg/d 

MEANS 0.093 mg/kg/d 0.089 mg/kg/d 0.119 mg/kg/d 

References for Appendix 1 

Kushlan, J.A. 1978. Feeding ecology of feeding birds. In: Sprunt, A., Ogden. J and Winckler, S., eds. Wading 
birds. Natl. Audubon Soc. Res. rep. 7; pp. 249-296. (as referenced in U.S. EPA, 1993) 

Nagy, K.A. 1987. Field metabolic rate and food requirement scaling in mammals and birds. Ecol. Monogr. 
57:111-128 (as referenced in U.S. EPA, 1993) 

Spalding, M.G., P.C. Frederick, H.C. McGill, S.N. Bouton and L.R. McDowell. 2000. Methylmercury 
accumulation in tissues and its effects on growth and appetite in captive great egrets. J. Wildl. Dis. 36:411-
422. 

U.S. EPA. 1993. Wildlife Exposure factors Handbook. EPA/600/R-93/187a. 

Appendix 2: Estimating a reasonable food intake rate (FIR) for birds fed pelletized food when 
measured food consumption data are not provided 

For numerous bird studies, data were missing to calculate a standardized daily food intake rate (FIR). 
The FIR is required to derive an estimated daily dose (EDD) as follows: 

EDD = FIR x exposure concentration (Equation 1) 
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with units for EDD = mg Hg/kg body weight (BW)/d 
FIR = kg food/kg BW/d 
exposure conc. = mg Hg/kg BW 

In bird feeding studies, exposure concentrations were typically kept constant throughout a test (i.e., 
the Hg concentrations mixed in the feed did not vary over time). When measured data on food consumption 
were not provided, it was a challenge to calculate an accurate FIR, in particular in studies with young birds. 
The reason was that young birds grew quickly. As a result, the FIR and therefore the EDD, varied over time 
when birds gained weight during a test. 

U.S EPA (1993) has provided a generic allometric equation which was used to estimate FIRs based 
on BW. This equation (see p. 3-5 in U.S. EPA, 1993) is applicable to non-passerine birds feeding in the wild: 

FIR(dry g/day) = 0.301 BW0.751 (BW in g) (Equation 2) 

Equation 2 estimates a weight-specific FIR in terms of g dry food consumed per day by a bird of a 
given weight. Before using it to calculate an EDD, the output had to be (a) divided by 1000 to convert the units 
from g dry food to kg dry food, and (b) divided by the estimated BW (in kg) to standardize the FIR in terms of a 
1 kg bird. 

Most bird feeding studies which used “farm” species such as chickens, pheasants, ducks or quail, 
relied on commercially-prepared pelletized food amended with Hg. This type of food contains less than 10% 
moisture (Heinz, 1974) and is therefore essentially dry. This would have suggested that BW-specific food 
consumption estimated by Equation 2 should have been close to FIRs reported in the studies. 

A comparison of the available data (see Exhibit 1 for details) indicated that this was not the case. The 
FIRs (dry weight) calculated using Equation 2 were usually much lower than the measured FIRs reported by 
the various authors. Specifically, the measured FIRs fell between the estimated FIRs (dry weight) and the 
estimated FIRs for a natural diet with 80% water content. 

These data suggested that it would have been too conservative to use Equation 2 (estimated dry 
weight FIRs) to calculate the EDDs for studies with birds exposed to dry pelletized feed for which measured 
FIRs were not provided. 

Using the information summarized in Exhibit 1, a correction factor (CF) was calculated to allow for 
estimation of reasonable FIRs based on the dry FIRs derived from Equation 2. This CF was equal to 2.0 (see 
overall mean ratio at the bottom of Exhibit 1). The CF was applied to individual studies which used pelletized 
food when no measured data on food consumption was provided by the authors or when a FIR could not be 
derived using food consumption data from other studies on the same bird species. 

Exhibit 1: Comparing Reported FIRs to Estimated FIRs 

Food Intake Rate (kg food/kg BW/d) 

BW 

(kg) Reported 

FIR
1 

Estimated 
2 

Estimated 

Moist FIR 

2O)
3 

Ratio of 

Reported 

to 

Estimated 

Reference 

Age  

Dry FIR

 (80% H Dry FIR 
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0.098 

Exhibit 1: Comparing Reported FIRs to Estimated FIRs 

Food Intake Rate (kg food/kg BW/d) Ratio of Reference 

Age  BW Reported 
Reported Estimated Estimated(kg) to 

1 2
FIR Dry FIR Moist FIR Estimated 

3
 (80% H2O) Dry FIR 

0.156 0.096 0.528 1.63 Eskeland & Nafstad (1978)
a 

4
mean ratio 1.63 

b
1.2 0.128 0.0515 0.257 2.49 Heinz (1979)

mean ratio 2.49 

1 day 0.0068 0.162 0.187 0.933 .87 Hill & Soares (1987)
c 

3 days 0.0078 0.295 0.180 0.902 1.64 Hill & Soares (1987) 

5 days 0.0089 0.348 0.175 0.873 1.99 Hill & Soares (1987) 

6 days 0.0096 0.375 0.171 0.857 2.19 Hill & Soares (1987) 

8 days 0.0106 0.424 0.167 0.836 2.53 Hill & Soares (1987) 

10 days 0.0116 0.638 0.163 0.817 3.9 Hill & Soares (1987) 

14 days 0.0155 0.478 0.152 0.761 3.14 Hill & Soares (1987) 

16 days 0.0176 0.460 0.147 0.737 3.13 Hill & Soares (1987) 

18 days 0.0196 0.476 0.143 0.717 3.33 Hill & Soares (1987) 

19 days 0.0207 0.580 0.142 0.708 4.08 Hill & Soares (1987) 

21 days 0.0228 0.522 0.138 0.691 3.78 Hill & Soares (1987) 

23 days 0.025 0.368 0.135 0.675 2.7 Hill & Soares (1987) 

mean ratio 2.77 

d
4-5 wks 0.034 0.420 0.125 0.625 3.36 Kling & Soares (1978)

mean ratio 3.36 

1 week 0.11 0.136 0.093 0.465 1.46 Parkhurst & Thaxton (1973)
e 

2 weeks 0.25 0.089 0.070 0.381 1.27 Parkhurst & Thaxton (1973) 

3 weeks 0.48 0.055 0.065 0.323 0.85 Parkhurst & Thaxton (1973) 

4 weeks 0.73 0.084 0.058 0.291 1.45 Parkhurst & Thaxton (1973) 

5 weeks 0.98 0.066 0.054 0.271 1.22 Parkhurst & Thaxton (1973) 

mean ratio 1.25 

f
2.0 0.053 0.091 0.454 0.58 Scott et al. (1975)

mean ratio 0.58 

0.048 0.255 0.115 0.560 2.2 Sell & Horani (1976)
g 
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Exhibit 1: Comparing Reported FIRs to Estimated FIRs 

Age  BW 

(kg) 

Food Intake Rate (kg food/kg BW/d) 

Reported 

FIR
1 

Estimated 

Dry FIR
2 

Estimated 

Moist FIR 

 (80% H2O)
3 

Ratio of 

Reported 

to 

Estimated 

Dry FIR 

Reference 

mean ratio 2.2 

OVERALL MEAN RATIO 2.0 

1
 These FIRs were calculated based on measured food consumption data reported by the authors. 

2 0.751
 These FIRs were calculated using the following allometric equation for non-passerine birds: FIR(g dry food/day) = 0.301 BW  (BW in 

g). This equation estimates a weight-specific FIR in terms of g dry food consumed per day. The output was divided by 1000 to convert the 
units from g dry food to kg dry food, and divided by the BW (in kg) to standardize the FIR in terms of a 1 kg bird. 

3
 These FIRs were calculated by multiplying the dry food FIR by a factor of 5 to estimate the consumption of wet succulent food (mean 

estimated moisture content of 80%)
. 

4
 mean ratio = reported FIR y estimated dry FIR 

a
 Eskeland & Nafstad (1978) exposed 6-week old hen Japanese quails for 42 days  to Hg mixed in a pelletized diet. In their Table 1, the 

authors reported that the measured FIR averaged over the whole exposure period equaled 0.0153 kg/bird/d. The authors did not provide 
an average BW for their birds. Based on age-weight data for northern bobwhite quail (a related species) provided by U.S. EPA (1993), the 
average BW of Japanese quail between the ages of 6 weeks and 12 weeks old was estimated to be 0.098 kg. Using this BW resulted in 
an average measured FIR of 0.156 kg food/kg BW/d 

b
 Heinz (1979) reported that control adult mallards used in a multigenerational Hg-exposure study consumed an average of 0.128 kg 

food/kg BW/d. Heinz (1979) did not provide a representative BW for the mallards used in his study. The birds were assumed to weigh an 
average of 1.2 kg (U.S. EPA, 1993). This BW was used in the FIR calculations. 

c 
Hill & Soares (1987) fed hatchlings and 14-day old Japanese quail chicks a game bird starter mash amended with different Hg 

concentrations for 5 days. The authors reported the average feed consumed during and after the exposures. The values used in Exhibit 1 
are for the control birds. Hill & Soares (1987) did not provide an average BW for their birds. Based on age-weight data for northern 
bobwhite quail (a related species) provided by U.S. EPA (1993), the average BW of Japanese quail between the ages of 1 to 23 days 
were estimated for use in the FIR calculations.   

d
 Kling & Soares (1978) fed 28-day old Japanese quail a diet of pelletized food amended with different concentrations of MeHg for 7 days. 

The authors  reported that control birds consumed 0.1 kg food/bird/7d, which is equivalent to 0.01428 kg/bird/d. Kling & Soares (1978) did 
not provide an average BW for their birds. The average BW of Japanese quail at 4 weeks and 5 weeks of age was estimated based on 
age-weight data for northern bobwhite quail (a related species) provided by U.S. EPA (1993). The estimated average BW used in the FIR 
calculations represents the average of these two values. 

e 
Parkhurst & Thaxton (1973) exposed cockerel hatchlings for 5 weeks to mercuric chloride dissolved in the drinking water. The authors 

plotted the weekly body weights and food consumption for their test animals. These values are shown in the attachment and were used in 
the FIR calculations. 

f
 Scott et al. (1975) exposed 1.5-year old White Leghorn hens to MeHg in dry pelletized food over an 8 week period. The estimated body 
weight (BW) was 2.0 kg. The authors reported that the average daily food intake for hens on the control diet equaled 0.053 kg food/kg 
BW/d. 

g
 Sell & Horani (1976) exposed 8-day old Japanese quail (unsexed) for 23 days to dry pelletized food amended with Hg. The authors 

reported that control quail had consumed an average total of 0.281 kg food during that period. Sell & Horani (1976) did not provide BW 
data. U.S. EPA (1993) reports that 6-day old northern bobwhite quail chicks weighed between 0.009 and 0.010 kg; 10-day old bobwhite 
quail chicks weighed between 0.010-0.013 kg. For the calculations, it was assumed that an 8-day old quail chick weighed 0.010 kg. Sell 
& Horani (1976) reported that the control quails gained an average of 0.085 kg over the 23-day exposure period. Hence, it was estimated 
that those quails weighed 0.95 kg at test termination (0.010 kg + 0.085 kg = 0.95 kg). The estimated BW used in the calculations is the 
mean of these 2 values. The estimated average body weight (BW) equaled 0.048 kg. 

References for Appendix 2 
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Attachment 5.1: Mercury Tissue Residue and Effects Database for Fish and Amphibians 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

rainbow trout 
(Oncorhynchu 
s mykiss) 

eggs MC water = 0.1-
0.14 ug/l 

8 days eggs 0.097 mg 
TM/kg (WW 

) 

100% mortality Birge et al., 
1979 

The residue value was obtained from Table 23.5 and is the mean TM 
concentration measured in eggs 180 h (7.5 days) after the start of the 
exposure. Control survival not discussed. Most of the TM was probably 
present as inorganic Hg (see bottom of p. 640). 

rainbow trout 
(Oncorhynchu 
s mykiss) 

eggs MC maternal 
transfer 

> 1 year eggs 0.26 mg TM/ 
kg 

26 % or 68% mortality 
(depending on trout 
strain); 27% defective 
larvae 

Birge et al., 
1979 

The residue value was presented on p. 640 and is for eggs taken at 
spawning from females exposed for 400+ days to MC in the water. Eggs 
were grown out in Hg-free water. Most of the TM was probably present 
as inorganic Hg (see bottom of p. 640). 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling MC water = 250 
ug/l 

4 days muscle, 
bones & 

skin 

0.68 mg TM/ 
kg (WW) 

no mortality Macleod and 
Pessah, 1973 

The residue value was obtained from Table 2 & Figure 3. Tissue residue 
conc. had not reached equilibrium. Exposure temp = 5C. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling MC water = 490 
ug/l 

4 days muscle, 
bones & 

skin 

1.6 mg TM/ 
kg (WW) 

94% mortality Macleod and 
Pessah, 1973 

The residue value was obtained from Table 2 & Figure 3. Tissue residue 
conc. had not reached equilibrium. Exposure temperature = 5C. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling MC water = 50 
ug/l 

4 days muscle, 
bones & 

skin 

1.15 mg TM/ 
kg (WW) 

no mortality Macleod and 
Pessah, 1973 

The residue value was obtained from Table 2 & Figure3. Tissue residue 
conc. had not reached equilibrium. Exposure temperature = 20C. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling MC water = 480 
ug/l 

4 days muscle, 
bones & 

skin 

2.7 mg TM/ 
kg (WW) 

60% mortality Macleod and 
Pessah, 1973 

The residue value was obtained from Table 2 & Figure3. Tissue residue 
conc. had not reached equilibrium. Exposure temperature = 20C. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(4-6 cm) 

MMC water = 10 
ug/l 

4 days pooled 
muscle, 
skin & 
bone 

4.8 mg Hg/ 
kg (WW) 

no mortality Wobeser, 1975a The residue value was obtained from Table 3. Paper did not state if 
tissue residue was DW or WW, but WW was assumed because tissue 
samples were not dried before analysis. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(4-6 cm) 

MMC water = 32-
40 ug/l 

4 days pooled 
muscle, 
skin & 
bone 

6.9 mg Hg/ 
kg (WW) 

increased mortality Wobeser, 1975a The value was obtained from Table 3. Paper did not state if tissue 
residue was DW or WW, but WW was assumed because tissue 
samples were not dried before analysis. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(12 wks 

old; 1.0 g) 

MC water = 10 
ug/l 

10 days whole 
body 

0.49 mg TM/ 
kg (WW) 

no mortality Ramamoorthy 
and Blumhagen, 

1984 

The residue value was obtained from Table 2. Tissue residue 
equilibrium was not reached after the 10 day exposure period. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(9.4-16.1 

cm) 

MMC diet = 8 mg 
Hg/kg food 

105 days dorsal 
axial 

muscle 

12.5 mg TM/ 
kg (WW) 

no effect on survival or 
weight gain 

Wobeser, 1975b The residue value was obtained from Figure 1. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(9.4-16.1 

cm) 

MMC diet = 16 mg 
Hg/kg food 

105 days dorsal 
axial 

muscle 

15-30 mg 
TM/kg (WW 

) 

no effect on survival but 
reduced weight gain 

Wobeser, 1975b The range of residue values was obtained from Figure 1. Significantly 
lower weight gain occurred during the last 5 weeks of exposure. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(5.5 g) 

MMC diet = 25 mg 
Hg/kg food 
(WW), 1% 

BW/d 

84 days whole 
body 

7.5 mg TM/ 
kg (WW) 

no effect on survival or 
growth compared to 
controls fed the same 
ration (1% BW/d) 

Rodgers & 
Beamish, 1982 

The residue value was obtained from Figures 2 & 4. Twenty five mg MM/ 
kg food was lowest dose in the 1%/d feeding experiment. 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(5.5 g) 

MMC diet = 25 mg 
Hg/kg food 
(WW), 2% 

BW/d 

84 days whole 
body 

8.5 mg TM/ 
kg (WW) 

no effect on survival but 
growth reduced by 30.2 
% compared to controls 
fed the same ration (2% 
BW/d) 

Rodgers & 
Beamish, 1982 

The residue value was obtained from Figures 2 & 4. Twenty five mg MM/ 
kg food was lowest dose in the 2%/d feeding experiment. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

fingerling 
(3-10 g) 

MMC water = 1.33 
ug/l; diet = 0 
.379 mg Hg/ 

kg food 
(WW) 

24 days whole 
body 

8.63 mg TM/ 
kg (WW) 

no effect on growth rate Phillips & Buhler 
, 1978 

The residue value was obtained from Table 2 and represents the mean 
TM concnetration resulting from the highest water & food exposures. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

juvenile (8 
g) 

MMC water = 5 ug 
/l 

84 days whole 
body 

10.4 mg TM/ 
kg (WW) 

no effect on survival or 
growth 

Lock, 1975 The residue value was obtained from Figure 5 and approaches an 
equilibrium residue concentration. Also, p. 76 mentions no effect on 
growth after 12 weeks of exposure. Abstract mentions that exposure 
was "sublethal". 

rainbow trout 
(Oncorhynchu 
s mykiss) 

juvenile (8 
g) 

MMC diet = 21.6 
mg/kg 

84 days whole 
body 

5 mg TM/kg 
(WW) 

no effect on survival or 
growth 

Lock, 1975 The residue value was obtained from Figure 6. An equilibrium residue 
concentration was not reached after 12 weeks of exposure. Also, p. 76 
mentions no effect on growth. Abstract mentions that exposure was 
"sublethal". 

rainbow trout 
(Oncorhynchu 
s mykiss) 

subadult 
(14 cm; 40 

g) 

MC & 
MMC 

contaminate 
d fish fry (0. 
25 ug MC/ 

fry & 0.29 ug 
MMC/fry) 

30 days whole 
body 
minus 

backgroun 
d conc. 

0.14 and 0. 
47 mg TM/ 
kg (WW) 

no effect on survival 
after 30 days of 
exposure via diet 

Boudou & 
Ribeyre, 1985 

The residue values were obtained from Figure 2. The 0.14 mg/kg value 
was the average. whole body concentration in trout exposed to fry 
containing MC. The 0.47 mg/kg value was average whole body conc. in 
trout exposed to fry containing MMC. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

subadult 
(100-150 

g) 

MC water = 64 
ug/l 

up to 130 
days 

muscle 
tissue 

7.1 mg Hg/ 
kg (WW) 

100% mortality Niimi & Kissoon, 
1994 

The residue value was obtained from Tables 1 & 2 and Figure 1. Deaths 
occurred between 93 to130 days of exposure; 64 ug/l was the lowest 
concentration tested. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

subadult 
(100-150 

g) 

MMC water = 4 ug 
/l 

up to 98 
days 

muscle 
tissue 

31 mg Hg/ 
kg (WW) 

100% mortality Niimi & Kissoon, 
1994 

The residue value was obtained from Tables 1 & 3 and Figure 1. Deaths 
occurred between 28 to 98 days of exposure; 4 ug/l was the lowest 
concentration tested. 

rainbow trout 
(Oncorhynchu 
s mykiss) 

adult not 
available 

2 oral doses 
= 1.47 mg 

Hg/fish 

94 days whole 
body 

11 mg Hg/ 
kg (WW) 

no effect on survival Miettinen et al., 
1970 as 

reported in 
Jarvinen and 
Ankley, 1999 

Radiotracer study. Two-day interval between doses. No additional 
information was available. 

brook trout 
(Salvelinus 
fontinalis) 

yearlings 
(50-70 g) 
(1st gen.) 

MMC 0.93 ug/l 39 weeks muscle <10 mg TM/ 
kg (WW) 

0% mortality and 
successful spawn 

McKim et al., 
1976 

The residue value was obtained from Table 1 & Figure 2. 

brook trout 
(Salvelinus 
fontinalis) 

yearlings 
(50-70 g) 
(1st gen.) 

MMC 2.93 ug/l 39 weeks muscle > 10 mg TM/ 
kg (WW) 

88% mortality and 
complete failure to 
spawn 

McKim et al., 
1976 

The residue value was obtained from Table 1 & Figure2. 

brook trout 
(Salvelinus 
fontinalis) 

adults 
(2nd 

generation 
) 

MMC F1 gen. & 
water = 0.29 

ug/l 

approx. 1 
year 

whole 
body 

about 2.0 to 
3.5 mg TM/ 
kg (WW) 

no effect on (1) 
reproduction by 2nd 
generation or (2) survival 
to the alevin stage by the 
3rd generation 

McKim et al., 
1976 

The residue values were obtained from Table 2 and Figure 4 & 5 and 
represent the estimated range of TM concentrations measured in 2nd 
generation parents. This generation and their parents had been exposed 
to 0.29 ug/l for life. 



Attachment 5.1: Mercury Tissue Residue and Effects Database for Fish and Amphibians 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

brook trout 
(Salvelinus 
fontinalis) 

adults 
(2nd 

generation 
) 

MMC F1 gen. & 
water = 0.93 

ug/l 

approx. 1 
year 

whole 
body 

about 5 to 8 
mg TM/kg 

(WW) 

significant mortality in 
adults; reduced 
hatchability & decreased 
juvenile weights 

McKim et al., 
1976 

The residue values were obtained from Table 1 & 2 and Figure 4 and 
represents the estimated range of TM concentrations measured in 2nd 
generation parents. This generation and their parents had been exposed 
to 0.93 ug/l for life. 

brook trout 
(Salvelinus 
fontinalis) 

embryo -
alevin 

MMC F2 gen. & 
water = 0.93 

ug/l 

up to 3 
weeks after 

hatching 

whole 
body 

2.2 mg TM/ 
kg (WW) 

100% mortality 3 weeks 
after hatching in 3rd 
generation alevins 

McKim et al., 
1976 

The residue value was provided on p.2733 in the paper. The eggs were 
stripped and artificially fertilized due to lack of spawning activity by the 
parents.The authors failed to provide the 3rd generation "no effect" body 
residue concentrations for comparison. 

grayling 
(Thymallus 
thymallus) 

embryos MMC water (0.16, 
0.8, 4 & 20 

ug Hg/l) 

during first 
10 days of 

developmen 
t 

whole 
body 

0.09 mg TM/ 
kg (WW) 

no impairment in feeding 
efficiency or competitive 
ability when tested 3 yrs 
after the embryonic 
exposures 

Fjeld et al., 1998 The residue value was obtained from Figure 1 and represents the mean 
TM concentration from newly-hatched embryos. Following the 10 day 
embryonic exposures, all fish were grown out in clean water for 3 years 
before their behavioral responses were tested. 

grayling 
(Thymallus 
thymallus) 

embryos MMC water (0.16, 
0.8, 4 & 20 

ug Hg/l) 

during first 
10 days of 

developmen 
t 

whole 
body 

0.27 mg TM/ 
kg (WW) 

signif. decrease in 
feeding efficiency and 
competitive abitlity when 
tested 3 years after the 
embryonic exposures 

Fjeld et al., 1998 The residue value was obtained from Figure 2 and represents the mean 
TM concentration from newly hatched embryos. Following the 10 day 
embryonic exposures, all fish were grown out in clean water for 3 years 
before their behavioral responses were tested. 

finescale dace 
(Phoxinus 
neogaeus) 

young 
adults & 
adults 

not 
applicable 

natural diet approx. 90 
days 

whole 
body 

minus the 
guts 

0.2-0.25 mg 
TM/kg (WW 

) 

no effect on growth in 
exposed dace; mean TM 
concentration in controls 
= 0.1 mg/kg (WW) 

Bodaly & Fudge, 
1999 

The residue values were obtained from Table 1 & Figure 1 and 
represent the range of TM concentration measured in dace exposed in-
situ after the creation of small artificially-flooded reservoirs. The MM in 
fish = 71-89% of TM. 

minnow 
(Phoxinus 
phoxinus) 

adult (6-8 
cm) 

MC water = 0.1 
ug/l 

7 days muscle 0.017 mg 
Hg/kg (WW) 

no mortality Cuvin-Aralar & 
Furness, 1990 

The residue value was obtained from Table 1 and represents the mean 
hg concentration from 7 fish provided as DW. The value was converted 
to WW (DW x 0.2) for use in the database. 

goldfish 
(Carassius 
auratus) 

1-3.5 g water = 250 
ug/l 

100 hrs whole 
body 

9 mg TM/kg 
(WW) 

the fish exhibited no 
outward signs of toxicity 

McKone et al., 
1971 

The residue value was obtained from Figure 1. The Hg levels in the fish 
had not reached equilibrium after 100 hrs of exposure. The fish were 
freeze-dried before analyses, which was assumed to mean that tissue 
residue results were in DW; value was converted to WW (DW x 0.2) for 

carp (Cyprinus 
carpio) 

yearling 
(12 g) 

MC water = 0.5 
ug/l 

34 days muscle 0.28 mg TM/ 
kg (WW) 

no effect on survival or 
growth 

Yediler & 
Jacobs, 1995 

The residue value was obtained from Table 3 and represents the 
highest mean TM concentration reported for the experiment. 

eel (Anguilla 
anguilla) 

not 
reported 

MC water = 100 
ug/l 

32 days whole 
body 

15.3 mg TM/ 
kg (WW) 

sublethal (note: before 
exposure, the freshwater 
eels were adapted for at 
least 8 days to sea water 
) 

Noel-Lambot & 
Bouquegneau, 

1977 

The residue value was obtained from Figure 1 & Table 1. The exposures 
occured in sea water. The authors considered the 100 ug/l exposure to 
be sublethal. Mortality was 100% @ 1,000 ug/l. 

MC 

use in the database 



Attachment 5.1: Mercury Tissue Residue and Effects Database for Fish and Amphibians 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

fathead 
minnow 
(Pimephales 
promelas) 

larvae to 
adult 

MC water = <0. 
01 ug/l 
(control 

exposure) 

287 days whole 
body 

0.32 mg TM/ 
kg (WW) 

no reproductive inhibition Snarski & Olson, 
1982 

The residue value was obtained from Table 3 & 4. 

fathead 
minnow 
(Pimephales 
promelas) 

larvae to 
adult 

MC water = 0.26 
ug/l 

287 days whole 
body 

1.36 mg TM/ 
kg (WW) 

lowest concentration at 
which reproductive 
inhibition was observed 

Snarski & Olson, 
1982 

The residue value was obtained from Table 3 & 4. The effect on 
reproduction was due to fewer females that spawned, resulting in a 56% 
reduction in total eggs spawned. However, for those fish that did spawn, 
no differences detected in either the mean # of eggs per spawning 
female or the mean eggs per spawn as compared to controls. Four 
higher concentrations were also tested. 

fathead 
minnow 
(Pimephales 
promelas) 

larvae to 
adult 

MMC water = 0. 
247ug/l 

336 days whole 
body 

10.9 mg TM/ 
kg (WW) 

no effect on survival, 
behavior, growth or 
general appearance 

Olson et al, 
1975 

The residue value was obtained from Table 2. Four lower water conc. 
were also tested. The value shown was for highest exposure. 

fathead 
minnow 
(Pimephales 
promelas) 

juvenile to 
adult 

MMC diet (0.88, 4. 
11 and 8.46 
mg Hg/kg 
food, DW) 

286 days whole 
body 
minus 

gonads 

0.064 mg 
TM/kg WW 
(males) & 0. 
096 mg TM/ 

kg WW 
(females) 

no effect on spawning 
success or 
instantaneous rate of 
reproduction 

Hammerschmidt 
et al., 2002 

The residue values were obtained from Tables 1 & 2. Spawning success 
= % of pairs that spawned a clutch of eggs w/in 21 d after placement in 
breeding aquaria. Instantaneous rate of reproduction = an estimate of 
the potential for reproduction per unit time at a particular instance, given 
that reproduction has not already occurred. Residue values shown here 
represent averages for control fish and were converted from DW to WW 
(WW = DW x 0.2) for use in the database. 

fathead 
minnow 
(Pimephales 
promelas) 

juvenile to 
adult 

MMC diet (0.88, 4. 
11 and 8.46 
mg Hg/kg 
food, DW) 

286 days whole 
body 
minus 

gonads 

0.57 mg TM/ 
kg WW 

(males) & 0. 
68 mg TM/ 

kg WW 
(females) 

decreased spawning 
success and decreased 
instantaneous rate of 
reproduction; no effect 
on adult growth or 
survival 

Hammerschmidt 
et al., 2002 

The residue values were obtained from Tables 1, 2 & 3. They were 
averages for fish on the "low" Hg diet. These values were converted 
from DW to WW (WW = DW x 0.2) for use in the database. Other 
effects were also reported at higher diet concentrations. Note that (1) 
there was no effect of diet on developmental and hatching success of 
embryos and survival and weight of larvae measured 7 days after 
hatching, and (2) the dietary MeHg did not affect growth or survival in 
the first generation. 

channel 
catfish 
(Ictalurus 
punctatus) 

embryo-
larvae 

MC water = 0.19 
ug/l 

10 days whole 
body 

0.014 mg 
TM/kg (WW 

) 

measurable reduction in 
survival at hatching and 
4 days post-hatch 

Birge et al., 
1979 

The residue value was obtained from Table 23.6 & text on p. 637. Data 
for control survival were not presented in Table 23.6. The exposure was 
based on flow-through. Most of the Hg was probably inorganic (see 
bottom of p. 640). 

Japanese 
medaka 
(Oryzias 
latipes) 

eggs MC water = 15 
ug/l 

16 days eggs 29 mg TM/ 
kg (WW) 

hatchability reduced by > 
50% compared to 
controls 

Heisinger & 
Green, 1975 

The residue value was obtained from Table 1 & 2. 

Japanese 
medaka 
(Oryzias 
latipes) 

eggs MC water = 10 
ug/l 

16 days eggs 16 mg TM/ 
kg (WW) 

no effect on hatchability 
compared to controls 

Heisinger & 
Green, 1975 

The residue value was obtained from Table 1 & 2. 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

walleye 
(Stizostedion 
vitreum) 

eggs not 
applicable 

MM 
deposited in 

eggs by 
females 

not 
applicable 

eggs < 0.297 mg 
MM/kg (WW 

) 

no effect on reproductive 
success or larval survival 
& growth (residue level 
is average and is 
reported as MM) 

Latif et al., 2001 The residue value was obtained from Table 1 and the text. Females 
came from 3 lakes (one impacted & 2 unimpacted). The value shown 
here was the highest of those reported in Table 1; This value was also 
converted from DW to WW (WW = DW x 0.3) for use in the database. 

walleye 
(Stizostedion 
vitreum) 

adult 
females 

not 
applicable 

natural diet not 
applicable 

muscle 
tissue 
from 

females 

2.7 mg TM/ 
kg (WW) 

no effect on reproductive 
success or larval survival 
and growth (residue 
level is average and is 
reported as TM) 

Latif et al., 2001 The residue value was obtained from Table 1 and the text. Females 
came from 3 lakes (one impacted & 2 unimpacted). The value shown 
here was highest of those reported in Table 1. 

walleye 
(Stizostedion 
vitreum) 

juvenile (6 
mo old) 

MM catfish fillets 
injected with 
MM (0.1 mg 
Hg/kg food) 

6 months whole 
body 
minus 
viscera 

0.25 mg TM/ 
kg (WW) 

no effect on growth Friedman et al., 
1996a 

The residue value was obtained from Table 1 & Figure 1 and represents 
the average TM concentration for fish on the "low" (0.1 mg MM/kg) Hg 
diet. Some testicular atrophy was observed in fish fed the low-Hg diet. 
No lesions observed in ovaries. 

walleye 
(Stizostedion 
vitreum) 

juvenile (6 
mo old) 

MM catfish fillets 
injected with 
MM (1.0 mg 
Hg/kg food) 

6 months whole 
body 
minus 
viscera 

2.37 mg TM/ 
kg (WW) 

reduced growth in males 
(but not females); no 
effect on survival 

Friedman et al., 
1996a 

The residue value was obtained from Table 1 & Figure 1 and represents 
the average TM concentration for fish on the "high" (1.0 mg MM/kg) Hg 
diet. Males showed serious cellular damage to their testes. No lesions 
observed in ovaries. 

walleye 
(Stizostedion 
vitreum) 

1 year 
olds 

not 
applicable 

diet = 7.92 
mg/kg 

314 days muscle 20-40 mg 
TM/kg (WW 

) 

reduced survival; weight 
loss; decreased 
swimming activity 

Scherer et al., 
1975 

The range of residue values was obtained from the Results section. A 
maximum of 131 mg/kg was measured after 250 days. Walleyes were 
fed contaminated pike. 

walleye 
(Stizostedion 
vitreum) 

adult 
males & 
females 

not 
applicable 

natural diet not 
applicable 

muscle 0.25-0.54 
mg Hg/kg 

(WW) 

no differences in Hg 
conc. among sites could 
explain the observed 
differences in egg 
hatching success 

Mauk & Brown, 
2001 

The residue values were obtained from Table 4 represent min-max Hg 
concentrations in muscles from adult walleye collected from 3 sites and 
used as brood stock in state hatchery program. 

Anabas 
scandens 

10-12 cm MN water = 3 ug 
/l 

45 days muscle 2.8 mg TM/ 
kg (WW) 

blindness and reduced 
growth 

Panigrahi & 
Misra, 1978 

The residue value was obtained from Figure 3 and represents an 
average TM concentration. Hg levels had not reached equilibrium in 
tissues after 45 days of exposure.Twenty four out of 35 exposed fish 

pike (Esox 
lucius) 

adult MMH 3-4 oral 
doses; 13.7 
mg/kg fish 

10 - 41 days whole 
body 

12.5 mg Hg/ 
kg (WW) 

reduced survival Miettinen et al., 
1970 as 

reported by 
Jarvinen & 

Ankley, 1999 

Radiotracer study. No additional details were available. 

pike (Esox 
lucius) 

adult MMH 3-4 oral 
doses; 24.7 
mg/kg fish 

10 - 30 days whole 
body 

23.2 mg Hg/ 
kg (WW) 

reduced survival Miettinen et al., 
1970 as 

reported by 
Jarvinen & 

Ankley, 1999 

Radiotracer study. No additional details were available. 

went blind 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

pike (Esox 
lucius) 

adult not 
applicable 

natural diet not 
applicable 

muscle 0.117-0.623 
mg Hg/kg 

(WW) 

no correlation between 
Hg content and 
gonadosomatic index 
(GSI) or gonadal sex 
steroid concentration 

Friedmann et al. 
, 1996b 

The residue values was obtained from Table 1 and represent min-max 
Hg concentrations for 14 pike collected from Lake Champlain. 

bluegill sunfish 
(Lepomis 
macrochirus) 

adults (> 
50 g) 

not 
applicable 

natural diet not 
applicable 

skinless 
fillets 

0.08 mg TM/ 
kg (WW) 

not applicable Southworth et al. 
, 1994 

The residue value was obtained from Table 1 and represents the 
average background TM concentration in bluegills collected from 7 
reference streams in east Tennessee. 

redbreast 
sunfish 
(Lepomis 
auritus) 

adults (> 
50 g) 

not 
applicable 

natural diet not 
applicable 

skinless 
fillets 

0.08 mg TM/ 
kg (WW) 

not applicable Southworth et al. 
, 1994 

The residue value was obtained from Table 1 and represents the 
average background TM concentration in redbreast sunfish collected 
from 7 reference streams in east Tennessee. 

largemouth 
bass 
(Micropterus 
salmoides) 

adult 
males 

not 
applicable 

natural diet not 
applicable 

skinned 
fillets 

0.30; 1.23; 
& 5.42 mg 

TM/kg (WW 
) 

no difference in condition 
factor or gonadosomatic 
index between the three 
groups of fish 

Friedman et al., 
2002 

The residue values were obtained from Table 1 and represent arithmetic 
mean TM concentrations for largemouth bass caught in 3 lakes. 

rock bass 
(Ambloplites 
rupestris) 

not 
available 

not 
applicable 

natural diet not 
applicable 

axial 
muscle 

1.4 mg TM/ 
kg (WW) 

no adverse effect on the 
well-being of rock bass 

Bidwell & Heath, 
1993 as 

reported by 
Wiener & Spry, 

1996 

The residue value was obtained from text on p. 319 in Wiener & Spry 
(1996) and represents the mean TM concentration for fish caught in a 
polluted section of the South River, Virginia. Comparison were made 
with fish collected from an unpolluted upstream reach. 

Mosquitofish 
(Gambusia 
affinis) 

not 
available 

MC MC added 
to exposure 

water 

not available whole 
body 

0.4 mg Hg/ 
kg (WW) 

no impact on predator 
avoidance by 
mosquitofish previously 
exposed to Hg 

Kania & O'Hara, 
1974 as 

reported by 
Wiener & Spry, 

1996 

The residue value was obtained from the text on p. 321 in Wiener & 
Spry (1996). It represents the mean whole body Hg concentration with 
no impact on predator-avoidance when previously-exposed mosquitofish 
were put in the presence of largemouth bass. 

Mosquitofish 
(Gambusia 
affinis) 

not 
available 

MC MC added 
to exposure 

water 

not available whole 
body 

0.7-5.4 mg 
Hg/kg (WW) 

impaired predator 
avoidance behavior in 
mosquitofish previously 
exposed to Hg; no direct 
mercury-induced 
mortality 

Kania & O'Hara, 
1974 as 

reported by 
Wiener & Spry, 

1996 

The residue values were obtained from the text on p. 321 in Wiener & 
Spry (1996). They represent the range of whole body Hg concentrations 
which affected predator-avoidance when previously-exposed 
mosquitofish were put in the presence of largemouth bass. The 
geometric mean of these two values (= 1.9 mg/kg) was used as an 
average. 

mummichog 
(Fundulus 
heteroclitus) 

adults MMC diet = 0.2 
mg Hg/kg 

food 

102 days for 
parent 

generation 

whole 
body 

(males & 
females) 

0.2 mg Hg/ 
kg (WW?) 

no effect on survival in 
adult males and females 
from the parent 
generation 

Matta et al., 
2001 

The residue value was obtained Table 1. The test was performed in 20 
ppt seawater. The authors did not specify if the residue data were 
measured as WW or DW, but WW was assumed here. 



Attachment 5.1: Mercury Tissue Residue and Effects Database for Fish and Amphibians 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test Durat. Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

mummichog 
(Fundulus 
heteroclitus) 

adults MMC diet = 0.5 
mg Hg/kg 

food 

102 days for 
parent 

generation 

whole 
body 

(males & 
females) 

0.47 mg Hg/ 
kg (WW?) 

reduced survival in adult 
males (but not in 
females) in parent 
generation 

Matta et al., 
2001 

The residue value was obtained from Table 1. Note that (1) survival 
across treatments did not differ from controls when female & male 
mortalities were combined and (2) weight gain, fecundity and fertilization 
success did not differ across treatments. Test was performed in 20 ppt 
seawater. The authors did not specify if the residue data were measured 
as WW or DW, but WW was assumed here. 

mummichog 
(Fundulus 
heteroclitus) 

adults MMC diet = 0.2 to 
11 mg Hg/ 

kg food 

102 days for 
parent 

generation 

whole 
body 

(females) 

0.44 mg Hg/ 
kg (WW?) 

normal sex ratio 
(females:males) in 
offspring 

Matta et al., 
2001 

The residue value was obtained from Table 3 and represents the mean 
Hg conc. in parent females. Note that offspring ate uncontaminated food 
. Test was performed in 20 ppt seawater. The authors did not specify if 
the residue data were measured as WW or DW, but WW was assumed 
here. 

mummichog 
(Fundulus 
heteroclitus) 

adults MMC diet = 0.2 to 
11 mg Hg/ 

kg food 

102 days for 
parent 

generation 

whole 
body 

(females) 

1.1 mg Hg/ 
kg (WW?) 

signif. more females 
compared to males in 
offspring 

Matta et al., 
2001 

The residue value was obtained from Table 3 and represents the mean 
Hg conc. in parent females. Note that offspring ate uncontaminated food 
. Test was performed in 20 ppt seawater. The authors did not specify if 
the residue data were measured as WW or DW, but WW was assumed 
here. 

guppy 
(Lebistes 
reticulata) 

adult 
males 

MC MC added 
to river 

sediments 

20 days whole 
body 

0.2 mg TM/ 
kg (WW) 

no mortality Kudo & 
Mortimer, 1979 

The residue value was obtained from Figure 3. Only five fish were tested 
. Hg levels in tissues reached equilibrium after 10 d of exposure. The 
value is an estimated mean TM concentration provided by the authors. 

grubby 
(Myoxocephal 
us aenaeus) 

adult 
males and 
females 

MMC diet = 6 mg 
MM/kg food 

20 days muscle 0.505 mg 
MM/kg (WW 

) 

no mortality; no stress 
response as measured 
using biochemical stress 
indicators in blood 

Pelletier & Audet 
, 1995 

The residue value was obtained from Table 1. The average Hg tissue 
concentration in controls was equal to 0.205 mg MM/kg. Note that the 
grubby is a marine fish. 

frog (Xenopus 
laevis) 
(FETAX) 

embryos MC six 
increasing 

conc. of MC 

96 hours whole 
embryo 

0.81 mg TM/ 
kg (WW) 

about 12% malformed 
embryos and significant 
reduction in growth 

Prati et al., 2002 The residue value was obtained from Tables 1 & 4 and Figure 1. Control 
Hg residue level = < 0.01 mg/kg; % mortality in controls = 10%; % 
malformed embryos in controls is <2%. 

frog (Xenopus 
laevis) 
(FETAX) 

embryos MMC six 
increasing 
conc. of 

96 hours whole 
embryo 

6.63 mg TM/ 
kg (WW) 

about 28% malformed 
embryos; no effect on 
growth 

Prati et al., 2002 The value was obtained from Table 1 and Figure 1. Control Hg residue 
level = < 0.01 mg/kg; % mortality in controls = 10%; % malformed 
embryos in controls is <2%. 

other acronyms: DW = dry weight; WW = wet (fresh) weight 

in water 

MMC in 

chemical: MC = mercuric chloride; MMC = methyl mercuric chloride; MMH = methyl mercuric hydroxide; MN = mercuric nitrate; MM = methyl mercury; TM = total mercury 



Attachment 5.2: Summary of the most conservative species-specific no effect and effect whole body or muscle mercury residue data for fish and amphibians 

Fish 

Species 

Exposure 

Route & 

Duration 

Hg used 

in 

Exposure 

Measured or Estimated No Effect Tissue Conc. (Wet Weight) Measured Effect Tissue Concentration  (Wet Weight) 

ReferenceResidue 

Level 

Response Comment Residue 

Level 

Response Comment 

 EGGS, EMBRYOS AND LARVAE 

channel 
catfish 

water;
 10 d 

inorganic 
Hg 

0.0014 
mg/kg 

no effect on hatching success estimated residue 

= 0.014 mg/kg � 10 

0.014 
mg/kg 

measurable reduction in survival 
at hatching & 4 d post hatch 

measured residue Birge et al., 1979 

rainbow 
trout 

water;
 8 d 

inorganic 
Hg 

0.01 
mg/kg 

no effect on embryo mortality estimated residue 

= 0.1 mg/kg � 10 

0.1 
mg/kg 

100% embryo mortality measured residue Birge et al., 1979 

frog 
(Xenopus 
Laevis) 

water;
 4 d 

inorganic 
Hg 

0.081 
mg/kg 

no effect on embryo growth 
and malformation 

estimated residue 

= 0.81 mg/kg � 10 

0.81 
mg/kg 

increased embryo 
malformations; decreased 
growth 

measured residue Prati et al., 2002 

grayling water; 
10 d 

organic 
Hg 

0.09 
mg/kg 

lowest TM conc. in newly-
hatched embryos resulting in 
no effect on feeding efficiency 
in adults tested 3 yrs later 

measured residue 0.27 
mg/kg 

lowest TM conc. in newly-
hatched embryos resulting in 
reduced feeding efficiency in 
adults tested 3 yrs later 

measured residue Fjeld et al., 1998 

walleye maternal 
transfer 

not 
applicable 

<0.297 
mg/kg 

no effect on reproductive 
success, larval survival or 
larval growth 

measured residue - - an effect CBR was 
not available for 
this species 

Latif et al., 2001 

Japanese 
medaka 

water; 
16 d 

inorganic 
Hg 

16 
mg/kg 

no effect on hatching success measured residue 29 
mg/kg 

hatching success reduced by 
80% 

measured residue Heisinger & 
Green, 1975 

ALEVINS, FINGERLINGS, JUVENILES, SUBADULTS AND ADULTS 

minnow 
(Phoxinus 
phoxinus) 

water; 
7 d 

inorganic 
Hg 

0.017 
mg/kg 

no effect on survival measured residue - - an effect CBR was 
not available for 
this species 

Cuvin-Aralar & 
Furness, 1990 

fathead 

minnow 

lab diet; 

286 d 

organic 

Hg 

0.096 

mg/kg 

no effect on reproduction or 

spawning success 

measured residue 

in control adult 

females 

0.68 

mg/kg 

decreased reproductive and 

spawning success; no effect 

on adult growth or mortality 

measured residue 

in exposed adult 

females 

Hammerschmidt 

et al., 2002 

guppy sediments 
; 20 d 

inorganic 
Hg 

0.2 
mg/kg 

no effect on survival in adult 
males 

measured residue - - an effect CBR was 
not available for 
this species 

Kudo & Mortimer, 
1979 

mummi
chog 

lab diet; 
102 d 

organic 
Hg 

0.20 
mg/kg 

no effect on survival in adult 
males & females 

measured residue 0.47 
mg/kg 

significant mortality in adult 
males, but not females; no 
effect on growth, fecundity or 
fertilization 

measured residue Matta et al., 2001 



Attachment 5.2: Summary of the most conservative species-specific no effect and effect whole body or muscle mercury residue data for fish and amphibians 

Fish 

Species 

Exposure 

Route & 

Duration 

Hg used 

in 

Exposure 

Measured or Estimated No Effect Tissue Conc. (Wet Weight) Measured Effect Tissue Concentration  (Wet Weight) 

ReferenceResidue 

Level 

Response Comment Residue 

Level 

Response Comment 

finescale 
dace 

natural 
diet; 90 d 

not 
applicable 

0.25 
mg/kg 

no effect on growth in adults measured residue - - an effect CBR was 
not available for 
this species 

Bodaly & Fudge, 
1999 

walleye lab diet organic 
Hg 

0.25 
mg/kg 

no effect on growth in juvenile 
males & females 

measured residue 2.37 
mg/kg 

signif. decrease in growth in 
juvenile males, but not females; 
no effect on survival 

measured residue Friedman et al., 
1996a 

carp water;  
34 d 

inorganic 
Hg 

0.28 
mg/kg 

no effect on survival or growth 
in juveniles (12 g) 

measured residue - - an effect CBR was 
not available for 
this species 

Yediler & Jacobs, 
1995 

catfish 
(Anabas 
scadens) 

water; 
45 d 

inorganic 
Hg 

0.28 
mg/kg 

estimated no effect on growth 
or blindness 

estimated residue 

= 2.8 mg/kg � 10 

2.8 
mg/kg 

signif. reduction in growth and 
increased blindness 

measured residue Panigrahi & 
Misra, 1978 

fathead 

minnow 

water; 

287 d 

inorganic 

Hg 

0.32 

mg/kg 

no effect on reproduction measured residue 

in parents 

1.36 

mg/kg 

significant reproductive 

inhibition 

measured residue 

in parents 

Snarski & Olson, 

1982 

mosquito-
fish 

water;
 not avail. 

inorganic 
Hg 

0.4 
mg/kg 

no impact on predator 
avoidance by mosquitofish 
previously exposed to Hg 

measured residue 1.9 
mg/kg 

impaired predator avoidance 
behavior by mosquitofish 
previously exposed to Hg 

value is geom. 
mean of min-max 
for measured 
effect residues 

Kania & O=Hara, 

1974 as reported 
in Wiener & Spry, 
1996 

mummi

chog 

lab diet; 

102 d 

organic 

Hg 

0.44 

mg/kg 

no effect on 2
nd

 generation 

sex ratio 

measured residue 

in parents 

1.1 

mg/kg 

significant increase in 

female:male ratio in 2
nd 

generation 

measured residue 

in parents 

Matta et al., 2001 

rainbow 
trout 

lab diet organic 
Hg 

0.47 
mg/kg 

no effect on growth or survival 
in 14 cm trout after 30 d of 
exposure 

measured residue 
(Boudou & 
Ribeyre, 1985) 

8.5 
mg/kg 

significant reduction in growth in 
 trout fingerlings after 84 d of 
exposure 

measured residue 
(Rodgers & 
Beamish, 1982) 

-

grubby 
(marine 
fish) 

lab diet; 
20 d 

organic 
Hg 

0.505 
mg/kg 

no effect on survival or stress 
response in adult males & 
females 

measured residue - - an effect CBR was 
not available for 
this species 

Pelletier & Audet, 
1995 

northern 
pike 

3-4 oral 
doses 

organic 
Hg 

1.25 
mg/kg 

estimated no effect on survival estimated residue 

= 12.5 mg/kg � 10 

12.5 
mg/kg 

reduced survival in adults measured residue Miettinen et al., 
1970 as reported 
in Jarvinen & 
Ankley, 1999 

rock bass natural not 1.4 no adverse effect on general measured residue - - an effect CBR was 
not available for 

Bidwell & Heath, 
1993 as reported 
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Attachment 5.2: Summary of the most conservative species-specific no effect and effect whole body or muscle mercury residue data for fish and amphibians 

Fish 

Species 

Exposure 

Route & 

Duration 

Hg used 

in 

Exposure 

Measured or Estimated No Effect Tissue Conc. (Wet Weight) Measured Effect Tissue Concentration  (Wet Weight) 

ReferenceResidue 

Level 

Response Comment Residue 

Level 

Response Comment 

diet applicable mg/kg well-being this species in Wiener & Spry, 
1996 

brook 
trout (2

nd 

gener.) 

maternal 
transfer + 
water; 1 yr 

organic 
Hg 

<3.5 
mg/kg 

no effect on survival in adults 
or reproductive success 

measured residue 
(no effect range = 
2.0 to 3.5 mg/kg) 

5.0 
mg/kg 

signif. mortality in adults; 
reduced hatchability; decreased 
juvenile weight 

measured residue 
(effect range = 5 to 
8 mg/kg) 

McKim et al., 
1976 

large
mouth 
bass 

natural 
diet 

not 
applicable 

<5.42 
mg/kg 

no effect on condition factor or 
gonadosomatic index in adult 
males 

measured residue - - an effect CBR was 
not available for 
this species 

Friedman et al., 
2002 

goldfish water; 
4 d 

inorganic 
Hg 

9 mg/kg no effect on survival; no signs 
of toxicity 

measured residue - - an effect CBR was 
not available for 
this species 

McKone et al., 
1971 

eel water; 
32 d 

inorganic 
Hg 

15.3 
mg/kg 

no effect on mortality measured residue - - an effect CBR was 
not available for 
this species 

Noel-Lambot & 
Bouquegneau, 
1977 

a
 The most conservative no effect and effect tissue residue concentrations are presented when data on more than one study were available for a particular target species 



Attachment 6.1: Mercury Tissue Residue and Effects Database for Birds 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

common loon 
(Gavia immer) 

chicks 
reared 

from wild 
eggs 

not 
applicable 

hatchery 
trout w/ 

backgroun 
d Hg 
levels 

105 days whole 
blood 

0.05-0.28 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Fournier et al., 
2002 

The residue values were obtained from Figure 1 and represent the range 
of TM concentrations measured in control chicks. 

common loon 
(Gavia immer) 

juveniles 
(3 to 6 

wks old) 

not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.07 to 0. 
35 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Evers et al., 
1998 

The residue values are from Table 3 and represent the min & max mean 
for blood TM concentration from 5 regions sampled across North America. 
The mean TM concentration in birds from Alaska (the reference location) = 
0.07 mg/kg. The ranges are also provided in Table 3. 

common loon 
(Gavia immer) 

chick (pre-
fledging) 

not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.14 (0. 
044-0.61) 
mg TM/l 

not applicable (effects not 
measured in this study) 

Scheuhammer 
et al., 1998 

The residue values are from Table 1 and represent the mean (range) for 
TM concentration in blood from 35 chicks captured across 24 lakes in 
Ontario, Canada. 

common loon 
(Gavia immer) 

chicks 
reared 

from wild 
eggs 

MMC two oral 
doses 

about 160 
days 

whole 
blood 

0.3 to 1.6 
mg TM/kg 

(WW) 

no mortality in the four orally-
dosed birds 

Fournier et al., 
2002 

The residue values are from Figure 2 and represent the min & max blood 
TM concentration measured during a 105 day period after the 2nd dosing. 
Only the more conservative data from orally-dosed birds are shown here. 

common loon 
(Gavia immer) 

adults not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.55 & 4.2 
(2.8) mg 

TM/l (WW 
) 

no relationship between Hg 
concentration and 
reproductive performance or 
annual adult return rates 

Meyer et al., 
1998 

The residue values are from Table 1 and represent min & max adult blood 
TM concentrations from 99 birds across 45 lakes in Wisconsin. The value 
in parenthesis is the geometric mean for min-max values in quartile D 
shown inTable 1. 

common loon 
(Gavia immer) 

adult 
females 

not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.60 & 3. 
60 mg/kg 

not applicable (effects not 
measured in this study) 

Evers et al., 
1998 

The residue values are from Table 1 and represent the min & max mean 
blood TM concentrations in females collected from 5 regions across North 
America. The mean TM concentration in birds from Alaska (the reference 
location) = 0.75 mg/kg. Ranges and residue data for male blood is also 
provided in Table 1. 

common loon 
(Gavia immer) 

juveniles 
and adults 

not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.93, 1.74 
& 2.52 mg 

TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Frank et al., 
1983 

The residue values are from Table 5 and represent mean blood TM 
concentrations for healthy juveniles, healthy adults, and emaciated adults, 
respectively. The birds were collected as carcasses throughout Ontario, 
Canada. 

common loon 
(Gavia immer) 

chicks not 
applicable 

natural 
diet 

not 
applicable 

blood >1.25 mg 
Hg/kg 

significant decrease in time 
spent riding parents' backs; 
significant increase in time 

Nocera & 
Taylor, 1998 

The residue value is from Figure 1 and the Discussion section and 
represents the minimum effects blood Hg concentration derived from 
extensive behavioral observations in the field (Nova Scotia, Canada). 

common loon 
(Gavia immer) 

adult 
males and 
females 

not 
applicable 

natural 
diet 

not 
applicable 

blood cells 2 & 5 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Meyer et al., 
1995 

The tissue residue values are from Table II and represents the mean TM 
blood concentrations for adult loons collected from neutral (pH>7.0) & low 
pH (pH<6.3) lakes, respectively, in Wisconsin. 

common loon 
(Gavia immer) 

adults not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

2.1 (0.93-
4.3) mg 

TM/l 

not applicable (effects not 
measured in this study) 

Scheuhammer 
et al., 1998 

The residue values are from Table 1 and represent the mean (range) 
blood TM concentration for 22 adults captured across 24 lakes in Ontario. 

common gull 
(Larus canus) 

chicks not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.059 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Kahle & 
Becker, 1999 

The residue value is from Table 1 and represents the mean TM blood 
concentration in chicks (n=13) collected from a non-impacted area in 
Germany. 

spent preening 



Attachment 6.1: Mercury Tissue Residue and Effects Database for Birds 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

common tern 
(Sterna 
hirundo) 

field 
collected 
<28 day 

not 
applicable 

natural 
diet 

not 
applicable 

whole 
blood 

0.37 mg 
TM/l 

not applicable (effects not 
measured in this study) 

Gochfeld, 
1980 

The residue value is from Table 3 and represents an average TM blood 
concentration for 12 "normal" chicks collected from eastern Long Island, 
New York. 

great egret 
(Ardea albus) 

field 
collected 
nestlings 

not 
applicable 

control 
diet 

14 weeks blood <0.5 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Spalding et al. 
, 2000 

The residue value is from the control graph in Figure 2 and represents the 
highest TM blood concentration measured in control birds over 14 weeks. 
The authors did not state explicitly that whole blood (vs clot or serum) was 
analyzed. 

great egret 
(Ardea albus) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

blood 1.2 mg 
TM/kg 
(WW) 

no effect on nestling survival 
or fledging success 

Sepulveda et 
al., 1999 

The residue value is from the Results section on p. 371 and represents the 
mean TM concentration in 286 blood samples from 117 chicks collected in 
southern Florida (range = 0.07-3.9 mg/kg). The authors did not state if 
whole blood (vs. clot or serum) was analyzed. 

great egret 
(Ardea albus) 

field 
collected 
nestlings 

MMC diet (0.5 
mg Hg/kg 

food) 

14 weeks blood 11 - 12 
mg TM/kg 

(WW) 

significant lower weight index 
(weight divided by bill length) 
from wk 11 till end of 
exposure at wk 14 

Spalding et al. 
, 2000 

The residue values are from Figure 2 and represent the TM blood 
concentrations for weeks 11 & 14. The authors did not state if whole 
blood (vs. clot or serum) was analyzed. 

great blue 
heron (Ardea 
herodias) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

blood 1.3 mg 
TM/kg 
(WW) 

no effect on growth rates Wolfe & 
Norman, 1998 

The residue value is from Table 1 and represents the highest mean TM 
concentration in blood from nestlings collected over two years at three 
different locations at Clear Lake Superfund site, California. Note that the 
concentration of Hg in the brains and livers of the same birds were too low 
to result in toxicity. 

great skuas 
(Catharacta 
skua) 

juveniles MMC capsule 
given 1 d/ 
wk for 20 

wks 

56 wks whole 
blood 

1 to 7.8 
mg TM/kg 

(WW) 

no mortality; birds 
maintained BW throughout 
the study; no effects of Hg 
toxicity observed 

Bearhop et al., 
2000 

The residue values are from Figure 3. The lowest TM blood concentration 
is max. measured in bird receiving the lowest dose. The highest TM blood 
concentration is max. measured in bird receiving the highest dose. The 
treatment consisted of 14 weeks pre-dose; 20 weeks dose & 22 weeks 
post-dose. Note that the authors reported their blood residue values as 
DW. These values were multiplied by 0.2 to convert them to WW. 

cory's 
shearwater 
(Calonectris 
diomedea) 

prefledling 
chicks 

MMC single oral 
dose 

monitored 
for up to 
65 days 

after 
dosage 

whole 
blood 

0.4 to <0. 
02; 2.12 to 
<0.02; 4.3 
to 0.02 mg 

TM/kg 
(WW) 

no effects on prefledging 
body condition or growth of 
chicks 

Monteiro & 
Furness, 2001 

The residue values are from Table 1 and represent the max (day 0) and 
min (day 65) TM blood levels for the low, medium & high doses, 
respectively. Note that the authors reported their blood residue values as 
DW. These values were multiplied by 0.2 to convert them to WW. 

pigeon 
(Columba 
Livia) 

adult 
males 

MMC 5x/wk 
crop 

intubation 

> 3 
months 

blood about 12 
mg TM/kg 

(WW) 

signs of neurotoxicity 
observed in two of the three 
pigeons dosed at 5.0 mg Hg/ 
kg BW/week 

Evans et al., 
1982 

The residue value is from p. 26 in Evans et al., 1982 and appears to 
represent an average. Note that this result was derived from only 3 
pigeons. 

old chicks 



Attachment 6.1: Mercury Tissue Residue and Effects Database for Birds 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

oystercatcher 
(Haematopus 
ostralegus) 

adult 
males and 
females 

not 
applicable 

natural 
diet 

not 
applicable 

red blood 
cells 

0.28 to 0.5 
mg Hg/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Goede & 
Wolterbeek, 

1994 

The residue values are from section 3.3 on p. 249-250 in the paper and 
represent the mean min & max blood Hg concentration for male and 
female birds collected along the Dutch Waddenn Zee coast or further 
inland. Note that the authors reported their blood residue values in DW. 
These values were multiplied by 0.2 to convert them to WW. 

mallard (Anas 
Platyrhynchos 
) 

adult 
females 

MMD amended 
diet 

214 days whole 
blood 

3.4 to 12.1 
mg TM/kg 

(WW) 

no clinical abnormalities 
observed; all birds remained 
in good health 

Pass et al., 
1975 

The residue values are from Table 3 and represent min & max blood Hg 
concentrations obtained from female mallards fed MeHg at 2.8 mg Hg/kg 
food. 

mallard (Anas 
Platyrhynchos 
) 

adult 
males & 
females 

MMC amended 
diet 

12 weeks blood 9.3 mg 
TM/kg 
(WW?) 

no signs of neurotoxicity Bhatnagar et 
al., 1982 

The residue value is from Table 2 and represents the mean blood TM 
concentration at the end of the 12 week exposure period in adults given 
the nominal 5 mg hg/kg food diet. 

mallard (Anas 
Platyrhynchos 
) 

adult 
males & 
females 

MMC amended 
diet 

12 weeks blood 45.3 mg 
TM/kg 
(WW?) 

high mortality and severe 
neurotoxicity 

Bhatnagar et 
al., 1982 

The residue value is from Table 2 and represents the mean TM blood 
concentration at the end of the 12 week exposure period in adults given 
the nominal 15 mg Hg/kg food diet. 

common loon 
(Gavia immer) 

chick (pre-
fledgling) 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 2.32 (1.4-
3.4) mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Scheuhammer 
et al., 1998 

The residue value is from Table 1 and represents the mean (range) TM 
concentration for 1st secondary feathers collected from 17 chicks captured 
across 24 lakes in Ontario, Canada. 

common loon 
(Gavia immer) 

juveniles 
(3 to 6 

weeks old 
) 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 1.3 & 4.0 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Evers et al., 
1998 

The residue values are from Table 3 and represent mean TM 
concentrations for 2nd secondary feathers obtained from juvenile loons 
collected in Alaska and the Great lakes regions in USA. The lowest mean 
is for Alaska (= reference location). 

common loon 
(Gavia immer) 

adult 
males and 
females 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 9 & 12 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Meyer et al., 
1995 

The residue values are from Table II and represent the mean TM 
concentrations in secondary feathers from adult loons captured from 
neutral pH lakes (pH>7.0) and low pH lakes (pH<6.3), resepcetively, in 
Wisconsin. 

common loon 
(Gavia immer) 

adults not 
applicable 

natural 
diet 

not 
applicable 

feathers 9.66 (5.87 
-15.6) mg 

TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Augspurger et 
al., 1998 

The residue values are from Table 1 and represent the mean (range) TM 
concentration for primary remiges from reference loons from North 
Carolina euthanized because of traumatic injuries. 

common loon 
(Gavia immer) 

adult 
females 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 5.2 to 10.9 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Evers et al., 
1998 

The residue values are from Table 2 and represent the min & max mean 
TM concentrations for 2nd secondary feathers from birds sampled from 5 
regions across North Americ. The lowest mean TM concentration is for 
Alaska (reference location). Data for adult male feathers are also provided 
in Table 2. 

common loon 
(Gavia immer) 

juveniles 
and adults 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 5.5 & 3.75 
mg TM/kg; 
12.9 & 13. 
4 mg TM/ 
kg (WW) 

not applicable (effects not 
measured in this study) 

Frank et al., 
1983 

The residue values are from Table 4 and represent the mean TM 
concentrations from back feathers in healthy juveniles and adults, and 
emaciated juveniles and adults, respectively. The feathers came from 
carcasses collected throughout Ontario, Canada. 



Attachment 6.1: Mercury Tissue Residue and Effects Database for Birds 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

common loon 
(Gavia immer) 

adults not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.0-21.0 
(16.5) mg 

TM/kg 
(WW) 

no relationship between TM 
concentration in feathers and 
reproductive performance or 
annual adult return rates (an 
index of survival) 

Meyer et al., 
1998 

The residue values is from Table 2 and represents the lowest and highest 
TM concentrations measured in 2nd secondary flight feathers from quartile 
A through D. The value in parenthesis is the geom. mean for quartile D in 
Table 2. 

common loon 
(Gavia immer) 

adults not 
applicable 

natural 
diet 

not 
applicable 

feathers 13.3 (7.65 
-21.0) mg 

TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Scheuhammer 
et al., 1998 

The residue values are from Table 1 and represents the mean (range) TM 
concentration for 2nd secondary feathers collected from 20 adults 
captured across 24 lakes in Ontario, Canada. 

mallard (Anas 
platyrhynchos) 

3 
generation 

s 

MMD diet to 
ducklings 
& parents 
= 0.5 mg 

Hg/kg 
food 

life long feathers 9.1 & 11.2 
mg TM/kg 

(WW) 

signif. more eggs laid outside 
the nestbox; signif. lower # of 
sound eggs/hen/day; signif. 
lower # of 1 wk old ducklings 
produced 

Heinz, 1979 The residue values are from Tables 1 & 3 and represent the min & max 
mean TM concentrations in primary feathers for 3 generations of hens. 
Note that the statistical significance occurred when the effects data were 
combined over the 3 generations. The 0.5 mg/kg dose was the only one 
tested. 

black duck 
(Anas rubripes 
) 

ducklings MMD hens fed 3 
mg Hg/kg 

food + 
treated 

diet 

11 days 
after 

hatching 

feathers 40.9 mg 
Hg/kg 
(WW) 

mean Hg conc. in feathers 
collected from dead 
ducklings 

Finley & 
Stendell, 1978 

The residue value is from Table 2 and represents the lowest of two mean 
Hg concentrations in primary feathers collected from dead ducklings. 

black duck 
(Anas rubripes 
) 

adult hens MMD diet (3 mg 
Hg/kg 
food) 

28 weeks feathers 56 mg Hg/ 
kg (WW) 

signif. decrease in # of 
incubating hens, egg 
hatchability, and duckling 
survival 

Finley & 
Stendell, 1978 

The residue value is from Table 4 and represents the mean Hg 
concentration in primary feathers from hens. Note that the authors 
reported no adverse effects on mortality or weight gain in adult hens or 
drakes from the exposure. 

osprey 
(Pandion 
haliaetus) 

chicks not 
applicable 

natural 
diet 

not 
applicable 

feathers < 11 mg 
TM/kg 
(DW) 

no apparent effect on 
reproductive output at 
occupied osprey nests 

Hughes et al., 
1997 

The residue value is from Tables 2 & 6 and represents the highest mean 
TM concentration for chick mantle feathers collected from birds in Ontario 
(Great Lakes) & Delaware Bay in New Jersey. . 

osprey 
(Pandion 
haliaetus) 

adults not 
applicable 

natural 
diet 

not 
applicable 

feathers < 28.8 mg 
TM/kg 
(DW) 

no apparent effect on 
reproductive output at 
occupied osprey nests 

Hughes et al., 
1997 

The residue value is from Tables 3 and represents the highest mean 
concentration of TM in adult wing & tail feathers collected in Ontario (Great 
Lakes) & Delaware Bay in New Jersey. 

bald eagle 
(Haliaeetus 
leucocephalus 
) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.7 & 20 
mg TM/kg 

(WW) 

no relationship between TM 
concentration and # young/ 
nest 

Bowerman et 
al., 1994 

The residue values are from Table 3 and represent the min & max 
geometric mean TM concentrations for nestling breast feathers from 6 
areas in the Great Lakes region. Individual feather concentrations range 

bald eagle 
(Haliaeetus 
leucocephalus 
) 

adults not 
applicable 

natural 
diet 

not 
applicable 

feathers 13 & 22 
mg TM/kg 

(WW) 

no relationship between TM 
concentration ability to fledge 
at least 1 young 

Bowerman et 
al., 1994 

The residue values are from Table 2 and represent the min & max 
geometric mean TM concentrations in adult primaries, secondaries, 
retrices, and body feathers collected from 5 areas throughout the Great 
Lakes region. Individual feather concentrations ranged from 0.2 to 66 mg/ 
kg. 

from 1.5 to 27 mg/kg. 



Attachment 6.1: Mercury Tissue Residue and Effects Database for Birds 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

peregrine 
falcon (Falco 
peregrinus) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 2.8, 6.3 & 
8.3 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Lindberg & 
Odsjo, 1983 

The residue values are from Table 5 and represent the means of Hg 
concentrations from nestling feathers (secondary & retrix) collected from 
southern, central and northern Sweden, respectively. Total feathers 
analyzed = 23. 

peregrine 
falcon (Falco 
peregrinus) 

adult 
males & 
females 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.6 to 17.6 
mg TM/kg 

(DW) 

not applicable (effects not 
measured in this study) 

Lindberg & 
Odsjo, 1983 

The residue values are from Table 3 and represent a range for 7 means 
for feathers (primary & retrix) collected at different times in the moulting 
cycle from adult falcons in Sweden. 

common gull 
(Larus canus) 

chicks not 
applicable 

natural 
diet 

not 
applicable 

feathers 1.4 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Kahle & 
Becker, 1999 

The residue value is from Table 1 and represents the mean TM 
concentration in body feathers from 11 chicks collected at a reference 
location in Germany. 

herring gull 
(Laurus 
argenticus) 

adult 
males & 
females 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 6.4 & 4.9 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Lewis et al., 
1992 

The residue values are from Table 1 and represent mean TM 
concentrations in body feathers from males & females, respectively (range 
= 2.15-9.4 for females and 3.65-10.94 for females). The data were 
presented as DW but assumed to equal WW. The feathers were collected 
from a colony along the German coast. 

laughing gull 
(Laurus 
argenticus) 

adult 
males & 
females 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.5 mg 
TM/kg 

not applicable (effects not 
measured in this study) 

Gochfeld et al. 
, 1996 

The tissue residue value is from Table 1 and represents the average TM 
concentration for combined breast feathers from males and females 
collected at JFK International Airport in NYC. 

black-headed 
gull (Larus 
ridibundus) 

chicks 
hatched 

from field-
collected 

eggs 

MMC capsules 
at different 

doses 
(every 2 
days for 
10 days) 

chicks 
sacrificed 
after 30 

days 

feathers 10.01 mg 
TM/kg 
(DW) 

non lethal and/or having no 
longterm deleterious effects 

Lewis & 
Furness, 1991 

The residue value is from Table 1 and represents the mean TM 
concentration for primary feathers from the highest dose group. Data on 
other types of feathers also available. The authors stated that "These 
doses were chosen to be within the range of exposures naturally 
experienced by wild gull chicks as estimated from levels measured in 
studies of gulls". This was assumed to mean "no effect". 

common tern 
(Sterna 
hirundo) 

<28 day 
old chicks 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 1.3 mg/kg 
(DW) 

levels of Hg measured in 12 
"normal" chicks 

Gochfeld, 
1980 

The residue value is from Table 3 and represents the mean breast feather 
Hg concentration for "normals". The chicks were collected from eastern 
Long Island, New York. 

great egret 
(Ardea albus) 

field 
collected 
nestlings 

not 
applicable 

control 
diet 

14 weeks feathers < 2.0 mg 
TM/kg 
(DW) 

not applicable (controls) Spalding et al. 
, 2000 

The residue value is from the control graph in Figure 2 and represents the 
highest TM concentration in growing feathers of control birds. The authors 
did not specify from which part of the body the feathers were collected. 

great egret 
(Ardea albus) 

nestlings, 
juveniles 
& adults 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 2.6, 4.4 & 
5.8 mg 
TM/kg 
(FW) 

not applicable (effects not 
measured in this study) 

Hoffman & 
Curnow, 1979 

The residue values are from Table 1 and represent the median TM 
concentrations in primary wing feathers from nestlings, juveniles & adults, 
respectively. The ranges are 1.3-3.7 mg/kg (n=11), 2.6-5.0 mg/kg (n=3) & 
2.8-28.3 mg/kg (n=26) for nestlings, juveniles and adults, respectively. The 
study was performed on Lake Erie. 
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great egret 
(Ardea albus) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.2 & 4.4 
mg TM/kg

 (DW) 

no impact on clutch size, 
fledging success or brood 
size 

Rumbold et al. 
, 2001 

The residue values are from Table 1 and represent the mean TM 
concentration from scapular feathers collected from 2 bird colonies over 2 
years in the Florida Everglades. 

great egret 
(Ardea albus) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 7.1 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Beyer et al., 
1997 

The residue value is from Table 1 and represents the mean TM 
concentration (range = 1.6-15 mg/kg; n=9). The feathers were collected 
from birds found dead in colonies in southern Florida. The feathers used in 
the study were the 3rd outermost primary or the 2nd outermost tail feather. 

great egret 
(Ardea albus) 

field 
collected 
nestlings 

MMC diet (0.5 
mg MMC/ 
kg food) 

14 weeks feathers 70 -110 
mg/kg 
(DW) 

significant lower weight index 
(weight divided by bill length) 
from wk 11 till end of 
exposure at wk 14 

Spalding et al. 
, 2000 

The residue values are from Figure 2. The two values are for week 11 & 
week 14, respectively. The authors did not specify from which part of the 
body the growing feathers were collected. 

great blue 
heron (Ardea 
herodias) 

chicks (6 
wks old) 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 0.87 to 2. 
02 mg Hg/ 
kg (DW) 

no signif. difference in egg 
weight, mean chicks fledged 
per nest, or chick weight-to-
length ratio 

Halbrook et al. 
, 1999 

The residue values are from Table 2 and represent the range of mean Hg 
concentrations from 4 rookeries (2 @ Oak Ridge Reservations & 2 
reference locations). The feathers were collected from the dorsal feather 
tracts. 

great blue 
heron (Ardea 
herodias) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.16 mg 
TM/kg 
(WW) 

no effect on growth rates Wolfe & 
Norman, 1998 

The residue value is from Table 1 and represents the highest mean TM 
concentration in feathers from nestlings collected over two years at three 
different locations at Clear Lake Superfund site, California. Feathers 
consisted of flight and contour feathers. Note that the authors stated that 
the concentration of Hg in the brains and livers of the same birds were too 
low to result in toxicity. 

great blue 
heron (Ardea 
herodias) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 3.5 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Beyer et al., 
1997 

The residue value is from Table 1 and represents the mean (range = 1.8-7 
.7 mg/kg; n=7) TM concentration. The feathers were collected from birds 
found dead in colonies in southern Florida. Feathers used in the study 
were the 3rd outermost primary or the 2nd outermost tail feather. 

great blue 
heron (Ardea 
herodias) 

nestlings 
to addults 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 2.5, 1.98 
& 7.26 mg 

TM/kg 
(FW) 

not applicable (effects not 
measured in this study) 

Hoffman & 
Curnow, 1979 

The residue values are from Table 1 and represent the median TM 
concentration in wing feathers from nestlings, juveniles & adults, 
respectively. The ranges equal 1.28-4.26 mg/kg (n=4), 1.98mg/kg (n=1) & 
2.05-14.05 mg/kg (n=12) for nestlings, juveniles and adults, respectively. 
This study was performed on Lake Erie. 

great white 
heron (Ardea 
herodias 
occidentalis) 

nestlings 
to adults 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 4.7, 6.7, 
and 8.2 

mg TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Beyer et al., 
1997 

The residue values are from Table 1 and represent mean feather TM 
concentrations for nestlings, juveniles, and adults, respectively (ranges: 
nestlings = 1.0-9.1 mg/kg, n=10; juveniles = 2.7-15 mg/kg, n=14; adults = 
4.1-14 mg/kg, n=5). The feathers, representing the 3rd outermost primary 
or the 2nd outermost tail feather, were collected from birds found dead in 
colonies in southern Florida. 
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black-crowned 
night heron 
(Nycticorax 
nycticorax) 

nestlings 
to addults 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 2.7, 4.0 & 
6.9 mg 
TM/kg 
(FW) 

not applicable (effects not 
measured in this study) 

Hoffman & 
Curnow, 1979 

The residue values are from Table 1 and represent the median TM 
concentrations in wing feathers from nestlings, juveniles & adults 
respectively (ranges: 2.25-4.25 mg/kg (n=7), 3.33-5.42 mg/kg (n=6) & 2.15 
-18.65 mg/kg (n=26) for nestlings, juveniles and adults, respectively). The 
study was performed on Lake Erie. 

roseate 
spoonbill 
(Ajaia ajaja) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 2.0 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Beyer et al., 
1997 

The residue value is from Table 1 and represents the mean (range = 0.4-5 
.7 mg/kg; n=32) feather TM concentration The feathers, representing the 
3rd outermost primary or the 2nd outermost tail feather, were collected 
from birds found dead in colonies in southern Florida. 

great skuas 
(Catharacta 
skua) 

juveniles MMC capsules 
1 d/wk for 

20 wks 

56 wks feathers 16 to 119 
mg TM/kg 

(DW) 

no mortality; birds 
maintained body weight 
throughout the course of the 
study; no effects of Hg 
toxicity observed 

Bearhop et al., 
2000 

The residue values are from Figure 4. The lowest value represents the 
maximum TM concentration measured in the remiges from the bird 
receiving the lowest dose. The highest value represents the maximum TM 
concentration measured in remiges from the bird receiving the highest 
dose. The 56 week study period consisted of 14 weeks pre-dose; 20 
weeks dose and 22 weeks post-dose. 

great skuas 
(Catharacta 
skua) 

adult 
males and 
females 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 7.0 mg 
TM/kg 
(WW) 

no relationship between 
feather Hg conc. and laying 
date, clutch volume, addled 
eggs, hatching success & 
chick survival 

Thompson et 
al., 1991 

The residue value is from Table 1 and represents the mean TM 
concentration (range = 1.2- 32.4 mg/kg) for body feathers in adult skuas. 
The study took place in the Shetland Islands (UK). 

cory's 
shearwater 
(Calonectris 
diomedea) 

prefledgin 
g chicks 

MMC single oral 
dose 

65 days feathers 1.2, 5.4 & 
12.3 mg 
TM/kg 
(WW) 

no significant effects on 
prefledging body condition 
and growth of chicks 

Monteiro & 
Furness, 2001 

The residue values are from Table 3 and represent mean TM 
concentrations in ventral feathers collected from birds on the low, medium 
and high doses, respectively, 32 days after administering the single oral 
dose. The TM residues dropped by about 50% 67 days after the single 

tree swallow 
(Tachycineta 
bicolor) 

prefledgin 
g chicks 

not 
applicable 

natural 
diet 

not 
applicable 

feathers 1.21 mg 
MM/kg 
(DW) 

no effect on eggs per clutch, 
incubation time, hatchability, 
nestling growth or fledging 
succes 

Gerrard & St 
Louis, 2001 

The residue value is from Table 1 and represents the mean MM 
concentration for feathers collected between 1994 & 1999 from nestlings 
obtained from a recently-flooded reservoir in Alberta, Canada. The authors 
reported close to a 1-on-1 correlation between TM & MM concentrations in 
feathers and other tissues. 

tree swallow 
(Tachycineta 
bicolor) 

adults not 
applicable 

natural 
diet 

not 
applicable 

feathers 1.7 mg 
TM/kg 
(DW) 

not applicable Gerrard & St 
Louis, 2001 

The residue value is from the Results section on p. 1332 and represents 
the mean TM concentration (range = 0.84-2.7 mg TM/kg; n=9) for feathers 
of adults found dead in nest boxes over the 6-year study period. 

cliff swallow 
(Hirundo 
pyrrhonota) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 0.32 mg 
TM/kg 
(WW) 

no apparent effect Wolfe & 
Norman, 1998 

The residue value is from Table 3 and represents the mean TM 
concentration in flight & contour feathers from nestlings collected at Clear 
Lake Superfund site, California. Note that the authors stated that the 
concentrations of TM in the brains and livers of the same birds were too 

dose was administered. 

low to result in toxicity. 
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Brewer's 
blackbird 
(Euphagus 
cyanocephalu 
s) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 0.14 mg 
TM/kg 
(WW) 

no apparent effect Wolfe & 
Norman, 1998 

The residue value is from Table 3 and represents the mean TM 
concentration in flight & contour feathers from nestlings collected at Clear 
Lake Superfund site, California. Note that the authors stated that the 
concentrations of TM in the brains and livers of the same birds were too 
low to result in toxicity. 

red-winged 
blackbird 
(Agelaius 
phoeniceus) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 0.36 mg 
TM/kg 
(WW) 

no apparent effect Wolfe & 
Norman, 1998 

The residue value is from Table 3 and represents the highest of two mean 
TM concentrations in flight & contour feathers from nestlings collected at 
Clear Lake Superfund site, California. Note that the authors reported that 
the concentrations of TM in the brains and livers of the same birds were 
too low to result in toxicity. 

double-
crested 
cormorant 
(Phalacrocora 
x auritus) 

nestlings not 
applicable 

natural 
diet 

not 
applicable 

feathers 4.05 mg 
TM/kg 
(WW) 

no apparent effect Wolfe & 
Norman, 1998 

The residue value is from Table 2 and represents the highest of two mean 
TM concentrations in flight & contour feathers from nestlings collected 
over two years at Clear Lake Superfund site, California. Note that the 
authors reported that the concentrations of TM in the brains and livers of 
the same birds were too low to result in toxicity. 

common loon 
(Gavia immer) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.12 & 2. 
99 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Scheuhammer 
et al., 2001 

The residue values are from Table II and represent the min & max Hg 
concentrations measured in 125 loon eggs collected throughout Canada 
between 1972 and 1997. The median TM concentration in 6 regions of 
Canada range from about 0.15 to about 0.7 mg/kg (see Figure 2). 

common loon 
(Gavia immer) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

egg 
content 

0.35 (0.13 
-0.75) mg 

TM/kg 
(WW) 

nesting success typical of 
that observed in 3 other 
North American loon 
populations 

Fox et al., 
1980 

The residue value is from Table 3 and represents the geometric mean 
(range) TM concentration for 31 loon eggs collected from a lake in 
Saskatchewan, Canada. 

common loon 
(Gavia immer) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.54 & 0. 
59 mg TM 
/kg (WW) 

normal reproductive success Barr, 1986 The residue values are from Table 6 and represent mean TM 
concentrations in eggs collected from lakes in Areas C3 & C4 (unimpacted 
and controls). The study region is located in Ontario, Canada. 

common loon 
(Gavia immer) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 1.39 mg 
TM/kg 
(WW) 

impaired reproductive 
success 

Barr, 1986 The residue value is from Table 6 and represents the mean TM 
concentration in eggs collected from lakes in Area C1 (impacted). The 
study region is located in Ontario, Canada. 

common loon 
(Gavia immer) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.81 &1. 
11 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Frank et al., 
1983 

The residue values are from Table 1 and represent the min & max mean 
TM concentration in eggs collected from three areas in southeastern 
Ontario, Canada. The authors reported that 71% of TM consisted of MM. 

tree swallow 
(Tachycineta 
bicolor) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.043 & 0. 
079 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Bishop et al., 
1995 

The residue values are from Table 2 and represent the mean min & max 
TM concentrations in pooled swallow eggs (n = 5-10) from 4 wetland sites 
in Ontario, Canada. The authors correlated the egg Hg residues to local 
sediment Hg concentrations. 



Attachment 6.1: Mercury Tissue Residue and Effects Database for Birds 

Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

tree swallow 
(Tachyneta 
bicolor) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
4 mg MM/kg egg; LOAEL 
embryo survival = 0.8 mg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

tree swallow 
(Tachycineta 
bicolor) 

embryo in 
egg 

not 
applicable 

maternal 
diet 

not 
applicable 

embryos 0.078 mg 
MM/kg 
(WW) 

no effect on hatchability Gerrard & St. 
Louis, 2001 

The residue value is from Tables 1 & 3 and represents the average MM 
concentration of 6 annual means for embryos collected between 1994 and 
1999 from nest boxes placed around an artificially-flooded reservoir. The 
original value was changed from DW to WW (WW = DW x 0.24) for use in 
this database. 

barn swallow 
(Hirundo 
rustica) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.021 & 0. 
025 mg 
TM/kg 
(WW) 

no effect of Hg on 
reproductive success 
between a reference site and 
a selenium-impacted site 

King et al., 
1994 

The residue values are from Table 3. The 0.021 mg/kg is the geometric 
mean TM concentrations for eggs from the reference site, whereas 0.025 
mg/kg is the geometric mean TM concentration for eggs collected from a 
Se contaminated site. Both sites were located in Texas. The residue data 
were converted from DW to WW (WW = DW x 0.21) for use in this 
database. 

mallard (Anas 
platyrhynchos) 

embryos 
& 

ducklings 

MMC maternal 
diet 

approx. 4-
6 weeks 

eggs 0.74 mg/ 
kg (WW) 

lowest egg Hg concentration 
resulting in hatching failure; 
next lowest concentration 
was 5.2 mg Hg/kg for egg 
failing to hatch 

Heinz & 
Hoffman, 2003 

The residue value is from Table 3 and represents the lowest Hg 
concentration in 17 eggs which failed to hatch due to Hg exposure. The 
average Hg concentration in the 17 eggs = 17.6 mg/kg ( range = 0.74-38 
mg/kg). 

mallard (Anas 
platyrhynchos) 

3 
generation 

s 

MMD diet to 
parents & 
ducklings 

life long eggs 0.79 - 0. 
84 mg TM 
/kg (WW) 

signif. more eggs laid outside 
the nestbox; signif. lower # of 
sound eggs/ hen/day; signif. 
lower # of 1 wk old ducklings 
produced 

Heinz, 1979 The residue values are from Table 1 & 3 and represent the min & max 
average TM concentration in eggs over 3 generations. The statistical 
significance was based on combining the effects data over three 
generations. 

mallard (Anas 
platyrhynchos) 

embryos 
& 

ducklings 

MMC maternal 
diet 

approx. 4-
6 weeks 

eggs 0.93 mg 
Hg/kg 
(WW) 

lowest egg Hg concentration 
resulting in ducklings with 
deformities 

Heinz & 
Hoffman, 2003 

The residue value is from from Table 2 and represents the lowest Hg 
concentration in 8 eggs which produced a duckling with deformities. The 
average Hg concentration in the 8 eggs = 6.93 mg/kg (range = 0.93-18 mg 
/kg). 

mallard (Anas 
platyrhynchos) 

embryos 
& 

ducklings 

MMC maternal 
diet 

approx. 4-
6 weeks 

eggs 2.3 mg Hg 
/kg (WW) 

lowest egg Hg concentration 
resulting in signs of 
neurotoxicity in ducklings 

Heinz & 
Hoffman, 2003 

The residue value is from Table 1 and represents the lowest Hg 
concentration in 18 eggs which produced a duckling showing neurotoxicity. 
The average Hg concentration in the 18 eggs = 13.6 mg/kg (range = 2.3-
30 mg/kg). 

mallard (Anas 
platyrhynchos) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

LOAEL embryo survival = 1. 
6 mg MM/kg egg; NOAEL 
embryo survival = 3.2 mg 
MM/kg egg 

Heinz, 2003 The endpoint is embryonic survival through 90% of the incubation period 
for this species. Egg concentrations are nominal. Note that % survival in 0. 
8 mg/kg eggs was marginally different (P = 0.07) from controls. 

mallard (Anas 
platyrhynchos) 

eggs MMD maternal 
diet (3 mg/ 

kg) 

several 
months 

whole egg 6 to 9 mg 
TM/kg 
(WW) 

decrease in the number of 
healthy hatchlings and 
survival after 1 week 

Heinz, 1974 The residue values are from Figure 1C & E and represent the range of TM 
concentrations in eggs which resulted in lower numbers of healthy 
hatchlings and increased mortality. The Hg concentrations in eggs from 
hens fed 0.5 mg MMD/kg food typically fell below 1 mg/kg with no effect on 
quality of hatchlings. 

MM/kg egg 
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mallard (Anas 
platyrhynchos) 

eggs MMC maternal 
diet (10 
mg/kg) 

2.5 
months 

whole egg 16 mg TM 
/kg (WW) 

signif. lower % hatch of 
fertile eggs; signif. lower # of 
7 d old ducklings/hen; signif. 
higher # of embryos w/ 
deformities 

Heinz & 
Hoffman, 1998 

The residue value is derived from Tables 3, 5 & 6 and represents the 
mean TM concentration in eggs from mallards fed 10 mg/kg Hg. After 10 
weeks of treatment, 73% of adult males showed neurotoxicity (inability to 
walk properly); females did not show neurotoxicity due to release of Hg in 

black duck 
(Anas rubripes 
) 

advanced 
embryos 
in eggs 

MMD maternal 
diet (3 mg/ 

kg) 

not 
applicable 

yolk 4.2 mg 
TM/kg 
(WW) 

mean Hg. conc. in eggs 
containing dead embryos 

Finley & 
Stendell, 1978 

The residue value is from Table 2 and represents the mean TM 
concentration. Only one Hg dose was tested. The authors reported that 
the Hg level in egg "remainder" was equal to 6.6 mg/kg. 

osprey 
(Pandion 
haliaetus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

egg 
contents 

<0.34 mg 
TM/kg 
(WW) 

no apparent effect on mean 
reproductive output at 
occupied osprey nests in the 
Great Lakes and New Jersey 
study locations 

Hughes et al., 
1997 

The residue value is from Tables 1 & 6 and represents the highest mean 
TM concentration in Osprey eggs reported in this study. The collection 
sites were located in Ontario, Canada and New Jersey. The highest mean 
egg residue concentration reported by the authors (1.4 mg/kg DW) was 
converted from DW to WW (WW = DW x 0.24) for use in this database. 

herring gull 
(Laurus 
argenticus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.07-0.10 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Barrett et al., 
1985 

The residue values are from Table 1 and represent the min and max mean 
TM concentrations for eggs collected from 4 colonies in northern Norway. 

herring gull 
(Laurus 
argenticus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.09 & 0. 
34 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Fimreite et al., 
1974 

The residue values are from Table 2 and represent the mean TM 
concentrations for eggs collected in northern and southern Norway, 
respectively. 

herring gull 
(Laurus 
argenticus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.22-0.39 
mg TM/kg 

(WW) 

no apparent effects on 
reproductive success 

Gilman et al., 
1977 

The residue values are from Table 1 & 5 and text at bottom of p. 462 and 
represent the min and max median TM concentrations in eggs collected 
from three colonies on three of the Great lakes. 

herring gull 
(Laurus 
argenticus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.36 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Lewis et al., 
1992 

The residue value is from Table 1 and represents the average TM 
concentration (range = 0.15-0.75 mg/kg, n=26). The original data were 
converted to WW (WW = DW x 0.25) for use in this data base. The eggs 
were collected from a colony along the German coast. 

herring gull 
(Larus 
argentatus) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
4 mg MM/kg egg; LOAEL 
embryo survival = 0.8 mg 
MM/kg egg 

Heinz, 2003 Endpoint is % survival of embryos through 90% of the incubation period 
for this species. Egg concentrations are nominal. Note that % survival in 
NOAEL eggs equaled 42%, compared to 72 and 89% in controls. 
According to the author, this test had a problem with "congealed" eggs. 

herring gull 
(Larus 
argenticus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

eggs 7.0 mg 
TM/kg 
(WW) 

no apparent effect on 
hatching or fledging success 

Vermeer et al., 
1973 

The residue value is from Table 1 and represents the geom. mean TM 
concentration (range = 2.3-15.8 mg/kg) in 1st egg collected from 18 nests 
w/ follow-up hatching & fledgling observations at those nests. The study 
lake was located in Ontario, Canada. 

shag 
(Phalacrocora 
x aristotelis) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.13 & 0. 
17 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Barrett et al., 
1985 

The residue values are from Table 1 and represent the mean TM 
concentrations for eggs collected from 2 colonies in northern Norway. 

their eggs. 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

kittiwake 
(Rissa 
tridactyla) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.09-0.13 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Barrett et al., 
1985 

The residue values are from Table 1 and represent the min and max mean 
TM concentrations for eggs collected from 3 colonies in northern Norway. 

kittiwake 
(Rissa 
tridactyla) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg <0.21 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Fimreite et al., 
1974 

The residue value is from Table III and represents the highest mean TM 
concentration for eggs collected from three localities in northern Norway. 

guillemots 
(Uria aalge) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg <0.07 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Fimreite et al., 
1974 

The residue value is from Table IV and represents the mean TM 
concentration for eggs collected from three locations in northern Norway. 

guillemots 
(Uria aalge) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.08-0.13 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Barrett et al., 
1985 

The residue values are from Table 1 and represent the min and max mean 
TM concentrations for eggs collected from 4 colonies in northern Norway. 

puffin 
(Fratercula 
artica) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.16-0.21 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Barrett et al., 
1985 

The residue values are from Table 1 and represent the min and max mean 
TM concentrations for eggs collected from 4 colonies in northern Norway. 

razorbill (Alca 
torda) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg <0.10 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Fimreite et al., 
1974 

The residue value is from Table V and represents the mean TM 
concentration from eggs collected in Norway. 

great egret 
(Ardea albus) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

eggs 0.34 & 0. 
49 mg TM 
/kg (WW) 

no impact on breeding 
performance in terms of 
clutch size, fledging success, 
and brood size 

Rumbold et al. 
, 2001 

The residue values are from Table 1 and represent mean TM 
concentrations from eggs collected in 2 colonies over 2 yrs in the Florida 
Everglades. The grand mean TM concentration = 0.39 +/- 0.19 mg/kg 
(WW) (n=33). 

great blue 
heron (Ardea 
herodias) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

homogeni 
zed eggs 

0.03 to 0. 
04 mg Hg/ 
kg (WW) 

no signif. difference in egg 
weight, mean chicks fledged 
per nest, or chick weight-to-
length ratio 

Halbrook et al. 
, 1999 

The residue values are from Table 2 and represent the range of mean Hg 
concentrations from 4 rookeries (2 @ Oak Ridge Reservation & 2 
reference locations, both in Tenessee). The mean # of eggs/nest was 
higher at ORR. DW residue data was converted to WW (WW = DW x 0.24 

great blue 
heron (Ardea 
herodias) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

egg 
content 

0.042-0. 
098 mg 
TM/kg 
(WW) 

no apparent effect on 
reproductive success in four 
colonies 

Elliot et al., 
1989 

The residue values are from Table 2 & 5 and represent the range of 
geometric mean TM concentrations from 4 colonies in British Columbia. 
Individual concentration values range from 0.03 to 0.95 mg TM/kg. 

chicken 
(Gallus gallus) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

LOAEL embryo survival = 0. 
05 mg MM/kg egg 

Heinz, 2003 NOAEL = control survival. The endpoint is % survival of embryos through 
90% of the incubation period for this species.The dose was administered 3 
days after fertilization. Egg concentrations are nominal. Note that the 
extremely low NOAEL was due to 98 and 100% survival in controls. 

) for use in this database. 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

chicken eggs MMD single 
injection 

20-22 d 
(till 

hatching) 

not 
applicable 

not 
applicable 

only 68% hatching success 
@ 0.5 mg MMD/kg egg 
(WW) 

Hughes et al., 
1976 

The exposure value was extrapolated from Figure 2. The lowest test 
concentration used in this study was 0.5 mg MM/kg egg. The dose was 
administered 7 days after fertilization. Use this data point with caution 
because hatching success equaled 88% when the same dose was 
administered just prior to incubation. 

chicken 7-11 d old 
chicks 

MMD single 
injection 

not 
applicable 

not 
applicable 

not 
applicable 

no effect upon detour 
behavior in chicks from eggs 
injected w/ 0.05 ppm MMD; 
significant effect on detour 
behavior in chicks from eggs 
injected with 0.5 ppm MMD 

Hughes et al., 
1976 

The information was extrapolated from Figure 4. Note that there were no 
effect on detour behavior in chicks from eggs injected 7 or 14 days after 
fertilization w/ 0.5 or 5.0 mg MMD/kg egg (see Figure 6 & 7). 

ringnecked 
pheasant 
(Phasianus 
colchicus) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
1 mg MM/kg egg; LOAEL 
embryo survival = 0.2 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

ringnecked 
pheasant 
(Phasianus 
colchicus) 

eggs Hg (form 
not 

specified) 

maternal 
diet 

incubation 
period 

egg 
content 

0.5-1.5 
mg Hg/kg 

reduced hatchability; 
reduced survival of hatched 
chicks 

Fimreite, 1971 
as reported in 
Scheuhammer 

, 1987 

Canada goose 
(Branta 
canadensis) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
8 mg MM/kg egg; LOAEL 
embryo survival = 1.6 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. Note that survival 
at the NOAEL was marginally different (P = 0.07) from controls. 

double-creted 
cormorant 
(Phalacrocora 
x auritus) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
8 mg MM/kg egg; LOAEL 
embryo survival = 1.6 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

greater 
sandhill crane 
(Grus 
canadensis) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
4 mg MM/kg egg; LOAEL 
embryo survival = 0.8 mg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

white ibis 
(Eudocimus 
albus) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
2 mg MM/kg egg; NOAEL 
embryo survival = 0.4 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

MM/kg egg 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

clapper rail 
(Rallus 
longirostris) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
4 mg MM/kg egg; LOAEL 
embryo survival = 0.8 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

common 
grackle 
(Quiscalus 
quiscula) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
05 mg MM/kg egg; LOAEL 
embryo survival = 0.1 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

tricolored 
heron (Egretta 
tricolor) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
2 mg MM/kg egg; LOAEL 
embryo survival = 0.4 mg 
MM/kg egg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

brown pelican 
(Pelecanus 
occidentalis) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
4 mg MM/kg egg; LOAEL 
embryo survival = 0.8 mg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

snowy egret 
(Egretta thula) 

eggs MMC single 
injection 

90% of 
the 

incubation 
period 

not 
applicable 

not 
measured 

NOAEL embryo survival = 0. 
1 mg MM/kg egg; LOAEL 
embryo survival = 0.2 mg 

Heinz, 2003 The endpoint is % survival of embryos through 90% of the incubation 
period for this species. Egg concentrations are nominal. 

common tern 
(Sterna 
hirundo) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.09 (0.02 
-0.27) mg 

TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Connors et al. 
(1975) 

The residue values are from Table 2 and represent the mean (min-max) 
TM concentration for reference eggs collected from Long Island Sound. 

common tern 
(Sterna 
hirundo) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 3.65 mg 
TM/kg 
(WW) 

hatching success = <27%; 
fledging success = 10-12% 

Fimreite, 1974 
as reported in 
Connors at al. 

1975 

Foster's tern 
(Sterna 
forsteri) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.4 mg Hg 
/kg (WW) 

no apparent effect on 
hatching success 

King et al., 
1991 

The residue value is from Tables 1 & 3 and represents the mean Hg 
concentration (range = 0.05-0.91 mg/kg, n=36). The study was performed 
on the Texas Gulf Coast. 

black 
skimmers 
(Rynchops 
niger) 

eggs not 
applicable 

maternal 
diet 

not 
applicable 

whole egg 0.46 mg 
Hg/kg 
(WW) 

no apparent effect on 
hatching success 

King et al., 
1991 

The residue value is fromTables 2 & 4 and represents the mean Hg 
concentration (range = 0.19-0.78 mg/kg, n= 43). The study was performed 
on the Texas Gulf Coast. 

MM/kg egg 

MM/kg egg 
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Test Species Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 
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Durat. 

Tissue 
Analyzed 

Tissue 
Residue 

Level 

Response Ref. Comments 

pied flycatcher 
(Ficedula 
hypoleuca) 

egg not 
applicable 

maternal 
diet 

not 
applicable 

egg 
content 

0.05 mg 
Hg/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Rosten et al., 
1998 

The residue value is from Figure 7A and represents the estimated mean 
Hg concentration from Norwegian reference site. The values from the 
Slovakian sites were not reported here because they represent a 
composite for two passerine bird species. The original value was changed 
from DW to WW (WW = DW x 0.24) for use in this database. 

Japanese 
quail (Coturnix 
C. japonica) 

egg MMC maternal 
diet 

6 weeks eggs 1.8 mg 
TM/kg 
(WW) 

no apparent effects on chick 
survival or behavior 

Eskeland et al. 
, 1979 

The residue value is from the Results section (Experiment 1) and Table 1 
and represents the mean Hg concentration in eggs produced by quails fed 
2 mg Hg/kg food. 

Japanese 
quail (Coturnix 
C. japonica) 

egg MMC maternal 
diet 

6 weeks eggs 3.7 mg 
TM/kg BW 

about 50% mortality in chicks Eskeland et al. 
, 1979 

The residue value is from the Results section (Experiment 1) and Table 1 
and represents the mean TM concentrations in eggs produced by quails 
fed 4 mg Hg/kg food. 

Chemical: MMC = methylmercuric chloride; MMD = methylmercury dicyandiamide; TM = total mercury 



Attachment 6.2: Summary of the most conservative species-specific no effect and effect egg, blood and feather mercury residue data for birds 

Bird Expos. Hg used in Measured No Effect Mercury Conentration (mg/kg WW) Measured Effect Mercury Concentration  (mg/kg WW) 

Species Route Exposure 

Residue Response Comment Residue Response Comment Reference 

Level Level 

MERCURY IN BIRD EGGS 

barn swallow natural 
diet 

not 
applicable 

<0.025 
mg/kg 

no effect  on 
reproductive success 

value is geometric mean 
Hg conc. for eggs 
collected from a Se-
contaminated site 

- - an effect CBR for eggs 
was not available for this 
species 

King et al., 
1994 

chicken egg organic Hg - not available NOAEL was control; 0.05 LOAEL for embryo eggs injected 3 days after Heinz, 2003 
injection eggs injected 3 days mg/kg survival fertilization 

after fertilization 

common egg organic Hg 0.05 NOAEL for embryo eggs injected 3 days 0.1 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
grackle injection mg/kg survival after fertilization survival fertilization 

great blue natural not 0.098 no apparent effect on value is highest geom. - - an effect CBR for eggs Elliot et al., 
heron diet applicable mg/kg reproductive success mean Hg conc. for eggs was not available for this 1989 

collected from 4 colonies species 

ring-necked egg organic Hg 0.1 NOAEL for embryo eggs injected 3 days 0.2 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
pheasant injection mg/kg survival after fertilization survival fertilization 

snowy egret egg organic Hg 0.1 NOAEL for embryo eggs injected 3 days 0.2 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
injection mg/kg survival after fertilization survival fertilization 

white ibis egg organic Hg 0.2 NOAEL for embryo eggs injected 3 days 0.4 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
injection mg/kg survival after fertilization survival fertilization 

tricolored egg organic Hg 0.2 NOAEL for embryo eggs injected 3 days 0.4 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
heron injection mg/kg survival after fertilization survival fertilization 

osprey natural not <0.34 no apparent effect on value is the highest - - an effect CBR for eggs Hughes et al., 
diet applicable mg/kg mean reproductive reported mean Hg conc. was not available for this 1997 

output from the study sites species 

herring gull natural not up to no apparent effect on value is highest median - - an effect CBR for eggs Gilman et al., 
diet applicable 0.39 reproductive success Hg conc. for eggs from 3 was not available for this 1977 

mg/kg  colonies on Great Lakes species 

Foster=s tern natural not 0.4 no apparent effect on value represents the - - an effect CBR for eggs King et al., 
diet applicable mg/kg hatching success mean Hg conc. in eggs was not available for this 1991 

species 

mallard lab diet organic Hg - - - 0.74 failure to hatch lowest Hg conc. in an Heinz & 
to mg/kg egg resulting in failure to Hoffman, 2003 
parents hatch 
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Bird Expos. Hg used in Measured No Effect Mercury Conentration (mg/kg WW) Measured Effect Mercury Concentration  (mg/kg WW) 

Species Route Exposure 

Residue Response Comment Residue Response Comment Reference 

Level Level 

brown egg organic Hg 0.4 NOAEL for embryo eggs injected 3 days 0.8 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
pelican injection mg/kg survival after fertilization survival fertilization 

tree swallow egg organic Hg 0.4 NOAEL for embryo eggs injected 3 days 0.8 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
injection mg/kg survival after fertilization survival fertilization 

clapper rail egg organic Hg 0.4 NOAEL for embryo eggs injected 3 days 0.8 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
injection mg/kg survival after fertilization survival fertilization 

greater egg organic Hg 0.4 NOAEL for embryo eggs injected 3 days 0.8 mg/kg LOAEL for embryo eggs injected 3 days after Heinz, 2003 
sandhill injection mg/kg survival after fertilization survival fertilization 
crane 

black natural not 0.46 no apparent effect on value represents the  - - an effect CBR for eggs King et al., 
skimmer diet applicable mg/kg hatching success mean Hg conc. was not available for this 1991 

measured in eggs species 

great egret natural 
diet 

not 
applicable 

up to 
0.49 

mg/kg 

no effect on breeding 
performance in terms 
of clutch size, fledging 
success & brood size 

- - - an effect CBR for eggs 
was not available for this 
species 

Rumbold et al., 
2001 

common loon natural not up to no apparent effect on value is mean Hg conc. 1.39 impaired reproductive value is mean conc. in Barr, 1986 
diet applicable 0.59 reproductive success for eggs from control mg/kg success eggs from Hg-impacted 

mg/kg lakes lakes 

Canada egg organic Hg 0.8 NOAEL for embryo eggs injected 3 days 1.6 mg/kg LOAEL for embryo eggs injected 3 days Heinz, 2003 
goose injection mg/kg survival after fertilization survival after fertilization 

double- egg organic Hg 0.8 NOAEL for embryo eggs injected 3 days 1.6 mg/kg LOAEL for embryo eggs injected 3 days Henz, 
crested injection mg/kg survival after fertilization survival after fertilization unpublished 
cormorant data 

common tern maternal 
diet 

not 
applicable 

- - a no effect CBR for eggs 
was not available for this 
species 

3.65 
mg/kg 

hatching success = 27%; 
fledging success = 10
12% 

eggs came from colony 
impacted by a chlorine 
plant in Ontario, Canada 

Fimreite, 1974 
as reported in 
Connors et al., 
1975 

Japanese lab diet organic Hg 1.8 no apparent effect on value is mean Hg conc. 3.7 mg/kg about 50% mortality in value is mean hg conc. Eskeland et al., 
quail to mg/kg chick survival or for eggs from hens fed chicks for eggs from hens fed 1979 

parents behavior the 2 ppm Hg diet the 4 ppm Hg diet 

black duck lab diet - - - a no effect CBR for eggs 4.2 mg/kg mean Hg concentration in value is mean Hg conc. Finley & 
to was not available for this eggs containing dead in yolk  Stendell, 1978 
parents species embryos 
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Bird Expos. Hg used in Measured No Effect Mercury Conentration (mg/kg WW) Measured Effect Mercury Concentration  (mg/kg WW) 

Species Route Exposure 

Residue Response Comment Residue Response Comment Reference 

Level Level 

MERCURY IN BIRD BLOOD 

great egret - - 1.2 no impact on nestling value is mean for chicks 11 to 12 signif. lower weight index value is blood Hg conc. -
(pre-fledged) mg/kg survival or fledging collected in FL; residue mg/kg (= BW � bill length)  in after 11 & 14 weeks of 

success is from natural diet nestlings after 11 weeks exposure (Spalding et 
(Sepulveda et al., 1999) exposure to 0.5 ppm Hg al., 2000) 

common natural not - - a no effect CBR for >1.25 signif. drop in the value is based on Nocera & 

loon diet applicable blood was not mg/kg amount of time riding blood sampling in Taylor, 1998 

(pre available for this parents= back; signif. chicks & behavioral 

fledged) species increase in time spent observations in the 

preening field 

great blue natural not 1.3 no impact on growth value is highest mean for - - an effect CBR for blood Wolfe & 
heron diet applicable mg/kg rates; brain & liver Hg blood collected over 2 was not available for this Norman, 1998 
(pre-fledged) conc. too low to result years at 3 locations  species 

in Hg toxicity 

cory=s lab diet organic Hg up to 4.3 no effect on body value is max Hg conc. in - - an effect CBR for blood Monteiro & 

shear-water mg/kg condition or growth high-dosed birds; was not available for this Furness, 2001 

(pre-fledged) caution: single oral dose species 
study 

great skuas capsules organic Hg <7.8 no mortality or loss of residue value is conc. - - an effect CBR for blood Bearhop et al., 
(post- mg/kg body weight; no signs measured in the bird was not available for this 2000 
fledged) of neurotoxicity receiving the highest species 

dose; caution: value is 
for a single bird 

pigeon oral organic Hg - - a no effect CBR for 12 mg/kg overt signs of value is apparent Evans et al., 
(post doses; > blood was not available neurotoxicity in 2 of 3 average provided by the 1982 
fledged) 3 for this species pigeons tested authors; only one 

months exposure conc. tested 

mallard lab diet organic Hg 9.3 no signs of value is mean blood 45.3 high mortality and severe value is mean blood Bhatnagar et 
(post- mg/kg neurotoxicity conc. in adults after 12 mg/kg neurotoxicity conc. in adults after 12 al., 1982 
fledged) weeks of dosing weeks of dosing 

MERCURY IN FEATHERS 

Brewer=s natural not 0.14 no apparent effects; value is the mean for - - an effect CBR for Wolfe & 

blackbird diet applicable mg/kg brain & liver Hg conc.  pooled feathers feathers was not Norman, 1998 

(pre-fledged) too low to result in Hg available for this species 
toxicity 



Attachment 6.2: Summary of the most conservative species-specific no effect and effect egg, blood and feather mercury residue data for birds 

Bird Expos. Hg used in Measured No Effect Mercury Conentration (mg/kg WW) Measured Effect Mercury Concentration  (mg/kg WW) 

Species Route Exposure 

Residue Response Comment Residue Response Comment Reference 

Level Level 

cliff swallow natural not 0.32 no apparent effects; value is the mean for - - an effect CBR for Wolfe & 
(pre-fledged) diet applicable mg/kg brain & liver Hg conc.  pooled feathers feathers was not Norman, 1998 

too low to result in Hg available for this species 
toxicity 

red-winged natural not 0.36 no apparent effects; value is the mean for - - an effect CBR for Wolfe & 
blackbird diet applicable mg/kg brain & liver Hg conc.  pooled feathers feathers was not Norman, 1998 
(pre-fledged) too low to result in Hg available for this species 

toxicity 

tree swallow 
(pre-fledged) 

natural 
diet 

not 
applicable 

1.2 
mg/kg 

no effect on eggs per 
clutch, incubation time, 
hatchability, nestling 
growth or fledging 

value is a 6-year mean 
Hg conc. from nestlings 
collected around a 
flooded reservoir  

- - an effect CBR for 
feathers was not 
available for this species 

Gerrard & St. 
louis, 2001 

success 

great egret lab diet; organic Hg up to 2.0 no effect on growth in value is estimated max. 70-110 reduced growth compared value is estimated Hg Spalding et al., 
(post 14 wks mg/kg controls in controls between wk 1 mg/kg to controls conc. in growing feathers 2000 
fledged) & 14 between wk 11 & 14 

great blue natural not up to no impact on growth value is highest mean for - - an effect CBR for Wolfe & 
heron diet applicable 3.16 rates; brain & liver Hg feathers collected over 2 feathers was not Norman, 1998 
(pre-fledged) mg/kg conc. too low to result years at 3 locations  available for this species 

in Hg toxicity 

double- natural not up to no apparent effects; value is highest mean for - - an effect CBR for Wolfe & 
crested diet applicable 4.05 brain & liver Hg conc.  feathers collected over 2 feathers was not Norman, 1998 
cormorant mg/kg too low to result in Hg years available for this species 
(pre-fledged) toxicity 

great skua natural not 7.0 no effect on laying value is mean Hg conc. - - an effect CBR for Thompson et 
(post diet applicable mg/kg date, clutch volume, # for adult body feathers feathers was not al., 1991 
fledged) of addled eggs, available for this species 

hatching success or 
chick survival 

mallard lab diet organic Hg - - a no effect CBR for >9.1 more eggs laid outside value is lowest annual  Heinz, 1979 

(post to feathers was not mg/kg nestboxes; drop in # of mean Hg conc. in adult 

fledged) parents available for this sound eggs/hen/d; drop feathers over 3 

& young species in # of 1 wk old generations 

ducklings produced 

black- oral organic Hg 10 non-lethal and/or value is mean for highest - - an effect CBR for Lewis & 
headed gull doses mg/kg having no long-term dose group feathers was not Furness, 1991 
(pre-fledged) deleterious effects available for this species 

osprey maternal not up to 11 no apparent effect on value is mean Hg conc. an effect CBR for Hughes et al., 



Attachment 6.2: Summary of the most conservative species-specific no effect and effect egg, blood and feather mercury residue data for birds 

Bird Expos. Hg used in Measured No Effect Mercury Conentration (mg/kg WW) Measured Effect Mercury Concentration  (mg/kg WW) 

Species Route Exposure 

Residue Response Comment Residue Response Comment Reference 

Level Level 

(pre-fledged) transfer 
+ natural 
diet 

applicable mg/kg reproductive output for nestling feathers 
collected from nest in 
Great Lakes region and 
Delaware Bay 

- - feathers was not 
available for this species 

1997 

Cory=s lab diet organic Hg up to no effect on body caution: single oral dose - - an effect CBR for Monteiro & 

shear-water 12.3 condition or growth study;  value is mean for feathers was not Furness, 2001 

(pre-fledged) mg/kg highest dose tested available for this species 

common loon natural not 16.5 no effect on value is geometric mean - - an effect CBR for Meyer et al., 
(post diet applicable mg/kg reproduction or annual for the highest feather feathers was not 1998 
fledged) adult return rates Hg conc. quartile available for this species 

bald eagle 
(pre-fledged) 

maternal 
transfer 
+ natural 
diet 

not 
applicable 

up to 20 
mg/kg 

no effect on 
productivity (# 
young/nest) or nesting 
success (fledging at 
least 1 young) 

value is max. geom. 
mean from among 6 
areas in Great Lakes 
region 

- - an effect CBR for 
feathers was not 
available for this species 

Bowerman et 
al., 1994 

black duck maternal organic Hg - - a no effect CBR for 40.9 100% mortality in value is lowest of two Finley & 
(pre-fledged) transfer feathers was not mg/kg ducklings mean Hg conc. for Stendell, 1978 

+ lab available for this species feathers from dead 
diet ducklings 
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Attachment 6.3a: Most conservative species-specific no effect and effect 

mercury concentrations in bird eggs 

no effect Hg conc. 

effect Hg conc. 
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Attachment 6.3b: Most conservative species-specific no effect and effect 

mercury concentrations in bird blood 

no effect Hg conc. 

effect Hg conc. 
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Attachment 6.3c: Most conservative species-specific no effect and 

effect mercury concentrations in bird feathers 

no effect Hg. conc. 

effect Hg conc. 



Attachment 6.4: No effects and effects toxicity reference values (TRVs) for birds 

Test Species Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure Route daily dose (mg Hg/ 
kg BW/d) 

Response Ref. Comments 

mallard (Anas 
platyrhynchos) 

adult hens 
and drakes 

MMD 12 months diet 0.071 mg hg/kg BW/ 
d 

no significant effect on egg 
hatchability or duckling survival 

Heinz, 1974 Effects data from Figure 1 E & F (see attachment to paper for 
daily dose calculations). 

mallard (Anas 
platyrhynchos) 

adult hens 
and drakes 

MMD 12 months diet 0.43 mg Hg/kg BW/d significant decrease in egg 
hatchability and duckling 
survival 

Heinz, 1974 Data from Figure 1 E & F (see attachment to paper for daily 
dose calculations). 

mallard (Anas 
platyrhynchos) 

adult drakes 
& hens 

MMC 12 weeks diet 0.31 mg Hg/kg BW/d no effect on mortality or 
neurotoxicity 

Bhatnagar et 
al., 1982 

Data from Results section. The value represents the highest 
"no effect" mean daily dose for hens; the highest "no effect" 
mean daily dose for drakes = 0.30 mg/kg/d (see attachment to 
paper for daily dose calculations). 

mallard (Anas 
platyrhynchos) 

adult drakes 
& hens 

MMC 12 weeks diet 1.1 mg Hg/kg BW/d high mortality and severe 
neurotoxicity 

Bhatnagar et 
al., 1982 

Data from Results section. The value represents the "effect" 
daily dose for drakes; the "effect" daily dose for hens = 1.1 mg 
/kg/d (see attachment to paper for daily dose calculations). 

mallard (Anas 
platyrhynchos) 

adult hens MMC 214 days diet 0.39 mg Hg/kg BW/d no effect on general health; no 
signs of clinical abnormalities 

Pass et al., 
1975 

Data from results section (p. 15) (see attachment to paper for 
daily dose calculations). 

mallard (Anas 
platyrhynchos) 

adult drakes 
& hens 

MMC 73 days diet 1.4 mg Hg/kg BW/d significant effects on 
reproductive output 

Heinz & 
Hoffman, 1998 

Data from Tables 3 (see attachment to paper for daily dose 
calculations); only one Hg conc. was tested. 

black duck 
(Anas rubripes 
) 

adult hens & 
drakes 

MMD 28 weeks diet 0.43 mg Hg/kg BW/d signif. decrease in # of hens 
incubating, egg hatchability, 
and duckling survival 

Finley & 
Stendell, 1978 

Data from Tables 1 (see attachment to paper for daily dose 
calculations); only one Hg conc. was tested. 

black-headed 
gull (Larus 
ridibundus) 

chicks 
hatched 

from field-
collected 

MMC 
administered over 

10 days 

0.07 mg Hg/kg BW/d non lethal and/or having no 
longterm deleterious effects 

Lewis & 
Furness, 1991 

Data from Table 1 (see attachment to paper for daily dose 
calculations); only one Hg conc. was tested. 

great egret 
(Ardea albus) 

field 
collected 

first-hatched 
nestlings 

MMC 14 weeks diet 0.093 mg Hg/kg BW/ 
d 

significant decreases in 
appetite and weight index 

Spalding et al. 
, 2000 

Data extrapolated from Figure 4 & 5 (see attachment to paper 
for daily dose calculations); daily dose is for 0.5 mg Hg/kg 
food and was the lowest concentration tested. 

great egret 
(Ardea albus) 

chicks 
hatched 

from field-
collected 

eggs 

MMC 13 weeks gelatin capsules 
administered daily 

0.089 mg/kg/d hunting abilities unaffected by 
Hg toxicity 

Bouton et al., 
1999 

The lack of an overall effect is based on the authors' own 
conclusions (see. p. 1938). This daily dose was close to a 
threshold as several behavioral parameters appeared to differ 
from controls (see attachment to paper for daily dose 
calculations) 

great egret 
(Ardea albus) 

chicks 
hatched 

from field-
collected 

MMC 13 weeks gelatin capsules 
administered daily 

0.89 mg/kg/d severe neurological 
impairments 

Bouton et al., 
1999 

See attachment to paper for daily dose calculations. 

Zebra finch 
(Poephila 
guttata) 

adult MMC 76 days diet 0.88 mg Hg/kg BW/d no effect on neurotoxicity 
intoxication or mortality 

Scheuhammer 
et al., 1988 

Data from Results and Discussion section (See attachment to 
paper for daily dose calculations). 

10 days 5 gelatin capsules 



Attachment 6.4: No effects and effects toxicity reference values (TRVs) for birds 

Test Species Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure Route daily dose (mg Hg/ 
kg BW/d) 

Response Ref. Comments 

Zebra finch 
(Poephila 
guttata) 

adult MMC 76 days diet 1.75 mg Hg/kg BW/d presence of behavioral signs 
typical of neurotoxicity 

Scheuhammer 
et al., 1988 

Data from Results and Discussion section (See attachment to 
paper for daily dose calculations). 

great skuas 
(Catharacta 
skua) 

juveniles MMC 20 weeks gelatin capsule in 
feed fish given 1 d 
each wk for 20 wks 

1.3 mg Hg/kg BW/d no mortality; no effects of Hg 
toxicity observed 

Bearhop et al., 
2000 

data extrapolated from Methods and Results sections; the 
data are for a single bird. 

chicken -
White Leghorn 

6 weeks MMD 12 weeks diet 0.15 mg Hg/kg BW/d no ill effects reported Wright et al., 
1973 

Data from Table 1. Daily intake shown here was the highest 
tested on the chickens. 

chicken -
White Rock 

hatchling 
cockerels 

MMC 7 weeks diet 0.101 mg Hg/kg BW/ 
d 

no effect on mortality Soares et al., 
1973 

Data from Table 3 (see attachment to paper for daily dose 
calculations). 

chicken -
White Rock 

hatchling 
cockerels 

MMC 7 weeks diet 0.212 mg Hg/kg BW/ 
d 

significant increase in mortality Soares et al., 
1973 

Data from Table 3 (see attachment to paper for daily dose 
calculations). 

chicken -
Broiler-type 

hatchling 
cockerels 

MMD 8 weeks diet 0.176 mg Hg/kg BW/ 
d 

no effect on weight gain Gardiner et al. 
, 1971 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

chicken -
Broiler-type 

hatchling 
cockerels 

MMD 8 weeks diet 0.335 mg Hg/kg BW/ 
d 

significant decrease in weight 
gain 

Gardiner et al. 
, 1971 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

chicken cockerels MMD 3 weeks diet 0.26 mg Hg/kg BW/d signif. weight loss Fimreite, 1970 
calculations). 

chicken chicks MMD 5 weeks diet 0.29 mg Hg/kg food/ 
d 

no effect on weight gain or 
mortality 

Gardiner, 
1972 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

chicken chicks MMD 5 weeks diet 2.9 mg Hg/kg BW/d significant decrease in weight 
and increase in mortality 

Gardiner, 
1972 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

chicken adult 
females 

MMC 8 weeks diet 0.45 mg Hg/kg BW/d signif. reduction in body weight 
, average egg weight, % fertile 
eggs, and hatching success of 
fertile eggs 

Scott et al, 
1975 

Data extrapolated from Table 14 (see attachment to paper for 
daily dose calculations). No lower exposure dose was tested. 

chicken adult 
females 

MMC 50 days daily oral dose (1 mg 
/chicken) 

0.67 mg Hg/kg BW/d signif. reduction in egg 
production (# of eggs/hen/day) 

Lundholm, 
1995 

Data from Table 2 (see attachment to paper for daily dose 
calculations). No signs of neurological disorders, reduced 
food intake, or weight loss. 

chicken adult 
females 

MM 50 days diet 0.77 mg Hg/kg BW/d no significant effect on 
mortality, morbidity, or egg-
laying rate 

Hilmy et al., 
1978 

Data from Results and Discussion section (see attachment to 
paper for daily dose calculations). 

chicken cockerel 
hatchlings 

MMC 4 weeks diet 3.2 mg Hg/kg BW/d reduction in weight gain and 
overt signs in neurotoxicity 

Sell & Horani, 
1976 

Data from Table 1 (see attachment to paper for daily dose 
calculations). 

Data from Table 1 (see attachment to paper for daily dose 



Attachment 6.4: No effects and effects toxicity reference values (TRVs) for birds 

Test Species Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure Route daily dose (mg Hg/ 
kg BW/d) 

Response Ref. Comments 

chicken cockerel 
hatchlings 

MC 5 weeks drinking water 29.6 mg Hg/kg BW/d no effect on mortality Parkhurst & 
Thaxton, 1973 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

chicken cockerel 
hatchlings 

MC 5 weeks drinking water 62.3 mg Hg/kg BW/d significant increase in mortality Parkhurst & 
Thaxton, 1973 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

adults MMC 6 weeks diet 0.39 mg Hg/kg BW/d no effect on hatchling survival Eskeland & 
Nafstad, 1979 

Data from text on p. 115 (also, see attachment to paper for 
daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

adults MMC 6 weeks diet 0.78 mg Hg/kg BW/d significant hatchling mortality Eskeland & 
Nafstad, 1979 

Data from text on p. 115 (also, see attachment to paper for 
daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings 
up to first 
egg laying 

MMC about 42 
days 

diet 0.4 mg Hg/kg BW/d no effect on reproduction after 
6 weeks of exposure 

Eskeland & 
Nafstad, 1978 

Data from Tables 1 & 3 (also, see attachment to paper for 
daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings 
up to first 
egg laying 

MMC about 42 
days 

diet 0.86 mg Hg/kg BW/e significant mortality in next 
generation chicks after 6 
weeks of exposure 

Eskeland & 
Nafstad, 1978 

Data from Tables 1 & 3 (also, see attachment to paper for 
daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings 
up to aduls 

MMC 9 weeks diet 0.98 mg Hg/kg BW/d no effect on mortality or 
neurotoxicity 

Hill & Soares, 
1984 

See results section p. 493 & 494 (also, see attachment to 
paper for daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings 
up to 

adulthood 

MMC 9 weeks diet 1.9 mg Hg/kg BW/d increased mortality and 
appearance of neurotoxicity 

Hill & Soares, 
1984 

See results section p. 493 & 494 (also, see attachment to 
paper for daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

juveniles up 
to adults 

MMC 6 weeks diet 1.3 mg Hg/kg BW/d no effect on mortality Spann et al., 
1986 

Data from Figure 1 (also, see attachment to paper for daily 
dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

juveniles up 
to adults 

MMC 6 weeks diet 4.9 mg Hg/kg BW/d significant increases in 
mortality 

Spann et al., 
1986 

Data from Figure 1 (also, see attachment to paper for daily 
dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings 
up to first 
egg laying 

MMC 16 weeks diet 2.3 mg Hg/kg BW/d significant impact on 
reproduction; increased 
mortality 

El-Begearmi 
et al., 1982 

Data from Table 1 to 5 (see attachment to paper for daily dose 
calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

juveniles MMC 23 days diet 4.3 mg Hg/kg BW/d 77% of exposed chicks 
showed overt sign of 
neurotoxicity 

Sell & Horani, 
1976 

Data from Table III (see attachment to paper for daily dose 
calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

young adults MMC 7 days diet 5.5 mg Hg/kg BW/d no effect on weight gain; no 
signs of neurotoxicity 

Kling & 
Soares, 1978 

Data from Tables 1 & 2, and Results & Discussion section 
(see attachment to paper for daily dose calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

adults MC 12 months diet 5.7 mg Hg/kg BW/d no effect on mortality, growth 
or reproduction 

Hill & Shaffner 
, 1976 

This TRV represents the highest food concentration of Hg 
(see attachment to paper for daily dose calculations). 



Attachment 6.4: No effects and effects toxicity reference values (TRVs) for birds 

Test Species Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure Route daily dose (mg Hg/ 
kg BW/d) 

Response Ref. Comments 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings to 
juveniles 

MMC 22 days diet 6.4 mg Hg/kg BW/d 90% mortality after 3 weeks of 
exposure 

Kling et al., 
1987 

Data from Figure 2 (see attachment to paper for daily dose 
calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

hatchlings to 
young adults 

MMC 28 days diet 8.0 mg Hg/kg BW/d 92% mortality Stoewsand et 
al., 1974 

Data from Table 1 (see attachment to paper for daily dose 
calculations). 

Japanese 
quail (Coturnix 
C. japonica) 

juveniles MMC 5 days diet 14.2 mg Hg/kg BW/d 12% mortality Hill & Soares, 
1987 

Data from Table 4 (see attachment to paper for daily dose 
calculations). 

duck (species 
not specified) 

chicks MMD 5 weeks diet 0.41 mg Hg/kg BW/d no effect on weight gain or 
mortality 

Gardiner, 
1972 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

duck (species 
not specified) 

chicks MMD 5 weeks diet 4.3 mg Hg/kg BW/d significant decrease in weight 
and increase in mortality 

Gardiner, 
1972 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

pheasant 
(Phasianus 
colchicus) 

adult males 
& females 

MM 12 weeks diet (2-3 mg Hg/kg 
food) 

0.258 mg Hg/kg BW/ 
d 

decreased egg hatchability; 
increased embryo martality; 
increased number of 
unfertilized eggs 

Fimreite, 1971 
as reported in 
Scheuhammer 

, 1987 

Dose was derived from data provided on p. 275 in 
Scheuhammer (1987). See attachment to the Scheuhammer 
(1987) paper for the dose calculations. Note that this dose 
resulted in little or no effect on adult mortality, neurotoxicity, 
food consumption, mating behavior or egg production. 

pheasant 
(Phasianus 
colchicus) 

chicks MMD 5 weeks diet 0.6 mg Hg/kg BW/d no effect on weight gain or 
mortality 

Gardiner, 
1972 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

pheasant 
(Phasianus 
colchicus) 

chicks MMD 5 weeks diet 6.4 mg Hg/kg BW/d significant decrease in weight 
and increase in mortality 

Gardiner, 
1972 

Data from Table 2 (see attachment to paper for daily dose 
calculations). 

red-tailed 
hawk 

adults MMC 12 weeks diet 0.45 mg Hg/kg BW/d no effect on weight; no overt 
signs of neurotoxicity 

Fimreite & 
Karstad, 1971 

Data from Tables 2 & 3 (see attachment to paper for daily 
dose calculations). Caution: this exposure group included only 
three hawks. 

red-tailed 
hawk 

adults MMC 12 weeks diet 1.0 mg Hg/kg/BW/d weight loss and obvious signs 
of neurotoxicity 

Fimreite & 
Karstad, 1971 

Data from Tables 2 & 3 (see attachment to paper for daily 
dose calculations). Caution: this exposure group included only 
three hawks. 

pigeon adults MMC > 3 
months 

intubation into crop 
5x/week 

0.71 mg Hg/kg BW/d overt signs of neurotoxicity in 
two of the three exposed 
pigeons after a latency period 
of 64.5 days 

Evans et al., 
1982 

Effects are described on p. 26 (see attachment to paper for 
daily dose calculations). 

Chemical: MC = mercuric chloride; MMC = methylmercuric chloride; MMD = methylmercury dicyandiamide; MM = methylmercury; TM = total mercury 



Attachment 6.5: Summary of the most conservative species-specific no effect and effect toxicity reference values (TRV) for organic Hg in birds 

Bird Exposure Hg used No Effect TRV Effect TRV 

Species Route & in 

Duration Exposure Daily Response Comment Daily Response Comment Reference 

Dose Dose 

black- daily organic 0.07 no significant effects - B B an effect TRV was not Lewis & 
headed gelatin Hg mg/kg/d reported available for this Furness, 1991 
gull capsule; species 

10 days 

great daily organic B B a no effect TRV was 0.093 significant effects on study used juveniles; Spalding et al, 

egret gelatin Hg not available for this mg/kg/d appetite and growth  the lowest daily dose 2000 

capsule; species tested resulted in a 

13 weeks significant effect 

chicken diet; 7 organic 0.101 no effect on mortality study used hatchling 0.212 significant increase in study used hatchling Soares et al., 
weeks Hg mg/kg/d cockerels mg/kg/d mortality cockerels 1973 

ring- diet; 12 organic - - a no effect TRV was not 0.26 drop in egg hatchability, -- Fimreite, 1971 
necked weeks Hg available for this mg/kg/d increased embryonic 
pheasant species mortality & increased # of 

infertile eggs 

mallard diet; 1 organic 0.071 no effects on egg study used adults 0.43 significant reduction in egg study used adults Heinz, 1974 
duck year Hg mg/kg/d hatchability or duckling mg/kg/d hatchability and duckling 

survival survival 

black diet; 28 organic B B a no effect TRV was not 0.43 significant decrease in # of study used adults; only Finley & 
duck weeks Hg available for this mg/kg/d incubating hens, egg a single dose was Stendell, 1978 

species hatchability & duckling tested 
survival 

pigeon intubation; organic - - a no effect TRV was not 0.71 overt signs of neurotoxicity latency period = 64.5 Evans et al., 
> 3 Hg available for this mg/kg/d in two of the three exposed days; data are for 1982 
months species pigeons lowest tested dose  

Japanese diet; 42 organic 0.39 no effect on hatchling adult quail dosed over 6 0.78 significant hatchling adult quail dosed over Eskeland et al., 
quail days Hg mg/kg/d survival weeks mg/kg/d mortality 6 weeks 1979 

Aduck@ diet; 5 organic 0.41 no effects study used ducklings 4.3 significant weight loss and study used ducklings Gardiner, 1972 
weeks Hg mg/kg/d mg/kg/d higher mortality 

red-tailed diet; 12 organic 0.45 no effect on weight gain; no this exposure group 1.0 mg loss of BW; neurotoxicity in this exposure group Fimreite & 
hawk weeks Hg mg/kg/d overt signs of neurotoxicity consisted of only three Hg/kg/d one of the three birds consisted of only three Karstad, 1971 

birds before it died birds 

zebra  diet; 76 organic 0.88 no effects on mortality; no study used adults 1.75 behavioral signs typical of study used adults Scheuhammer, 
finch days Hg mg/kg/d neurotoxicity mg/kg/d neurotoxicity 1988 



Attachment 6.5: Summary of the most conservative species-specific no effect and effect toxicity reference values (TRV) for organic Hg in birds 

Bird Exposure Hg used No Effect TRV Effect TRV 

Species Route & in 

Duration Exposure Daily Response Comment Daily Response Comment Reference 

Dose Dose 

great weekly organic 1.3 no effects on weight gain; the value is for the  - - an effect TRV was not Bearhop et al., 
skuas gelatin Hg mg/kg/d no signs of neurotoxicity highest-dosed bird; available for this 2000 

capsule; study used juveniles species 
20 wks 
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Attachment 6.6: Most conservative species-specific no effect and effect 

Hg toxicity reference values (TRVs) for birds 

no effect TRV 

effect TRV 



Attachment 7.1: Mercury Tissue Residue and Effects Database for Mammals 

Test 
Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyze 

d 

Tissue 
Residue 

Level 

Response Ref. Comments 

rat (Sprague 
-Dawley) 

adult 
females 

MM diet approx. 4 
months 

blood 32 mg Hg/ 
kg 

no effect on behavior of 
dams or offspring 

Sundberg & 
Oskarsson, 

1992 as 
reported in 
Wolfe et al., 

The residue value was obtained from Table 1 in Wolfe et al., 1998. 

rat (Wistar 
strain) 

weanling 
males & 
females 

MMC diet (0.05 mg 
Hg/kg BW/d) 

up to 26 
months 

blood 30 mg TM 
/kg (WW? 

) 

no signif. effect on body 
weight, food consumption, 
mortality; no overt clinical 
signs of Hg toxicity 

Munro et al., 
1980 

The residue value was obtained from Figure 1 & 2 and Table 1. The 
blood concentration represents the estimated mean for the 0.05 mg/kg 
/day dose group. Blood samples were collected from all surviving 
animals at the end of the test. Based on histopathology, authors 
reported the NOAEL as 5 mg/kg Hg in blood. 

rat  (Wistar 
strain) 

weanling 
males & 
females 

MMC diet (0.25 mg 
Hg/kg BW/d) 

up to 26 
months 

blood 116.2 mg 
TM/kg 
(WW?) 

reduced body weight, 
reduced food consumption, 
increased mortality and 
clinical signs of Hg toxicity in 
both males & females 

Munro et al., 
1980 

The residue value was obtained from Figure 1 & 2 and Table 1. The 
blood concentration is the estimated mean for the 0.25 mg/kg/day 
dose group. The blood samples were collected from moribund animals 
, those dying during the exposure or all surviving animals at the end of 
the test. Based on histopathology, the authors reported the LOAEL as 
30 mg/kg Hg in blood. 

rat (Porton 
strain) 

65-75 day 
old females 

MMC oral dosing (0. 
84 mg Hg/kg 
BW) 5X/week 

12 weeks blood 95.1 mg 
TM/kg 

no effect on growth; no overt 
signs of neurotoxicity 

Magos & Butler, 
1976 

The residue value was obtained from Table 2 and represents the 
average TM concentration measured in blood after about 12 weeks of 
treatment. 

rat (Porton 
strain) 

65-75 day 
old females 

MMC oral dosing (3. 
36 mg Hg/kg 
BW) 5X/week 

3 weeks blood 265 mg 
TM/kg 

significant weight loss; overt 
neurotoxicity 

Magos & Butler, 
1976 

The residue value was obtained from Table 2 and represents the 
average TM concentration measured in blood after about 3 weeks of 
treatment. 

mouse 
(BALB/c) 

adult 
females 

MMC intubation (5x/ 
wk; 10 mg Hg/ 

kg BW/wk) 

42 days whole 
blood 

0.5-4.7 
mg TM/kg 

no effect on growth; no overt 
signs of neurotoxicity 

Evans et al., 
1982 

The residue values were obtained from Table 1 and the text on p. 30. 
They represent the range of mean blood TM concentrations from 2 to 
16 days post-exposure. 

mink 
(Mustela 
vison) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

blood 0.08 to 0. 
63 mg TM 

/kg 

the measured brain Hg 
concentration was not high 
enough to result in Hg 
toxicity 

Wolfe & Norman 
, 1998 

The residue values were obtained from Table 5 and represent the 
range of blood TM concentrations measured in 6 mink collected from 
Clear lake Superfund site in California. The mean was equal to 0.235 
mg/kg. The measured brain Hg concentration was not expected to 
result in Hg toxicity. 

raccoon 
(Procyon 
lotor) 

subadults & 
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

blood 0.4 mg 
TM/kg 
(WW) 

no histopathological changes 
observed in the brains; the 
measured brain Hg 
concentration was not high 
enough to result in Hg 
toxicity 

Wolfe & Norman 
, 1998 

The residue value was obtained from Table 4 and is the highest mean 
blood TM concentration for raccoons  sampled from the Clear Lake 
Superfund site in California. Note that the authors reported that the 
measured brain Hg concentrations in those same raccoons were well 
below published NOAEL and LOAEL levels. 

cats subadult 
males and 
females 

not 
applicable 

clean pike (0. 
017 mg Hg/kg 

BW/d) 

80-95 
days 

blood 
cells & 
blood 

plasma 

1.7 & 0. 
038 mg 
TM/kg 

no clinical signs of Hg 
poisoning observed during 
the entire exposure period 

Albanus et al., 
1972 

The residue values were obtained from Tables 3 & 4 and represent 
the mean TM concentrations for blood cells and blood plasma, 
respectively, in control cats at autopsy. These concentrations resulted 
from eating "noncontaminated" pike obtained from a lake in central 
Sweden. 



Attachment 7.1: Mercury Tissue Residue and Effects Database for Mammals 

Test 
Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyze 

d 

Tissue 
Residue 

Level 

Response Ref. Comments 

cats subadult 
males and 
females 

MMH Hg 
contaminated 
pike & clean 

pike w/ added 
MMH 

65-85 
days 

blood 
cells, 
and 

blood 
plasma 

56 and 0. 
74 mg TM 

/kg 

convulsions started between 
days 60 & 83; loss of weight 
during the last days of 
exposure 

Albanus et al., 
1972 

The residue values were obtained from Tables 3, 4 & 8 and represent 
the mean TM concentrations at autopsy for blood cells and blood 
plasma, respectively,  from Group 1 cats (fed contaminated pike 
caught in a Hg impacted lake in Sweden) and Group 2 cats (fed 
uncontaminated pike amended with MMH to attain same MM conc. as 
in Group 1 feed). 

cats adult males 
and females 

MMC Hg 
contaminated 
pike & clean 

pike w/ added 
MMC 

2 years whole 
blood 

2 to 3.5 
mg TM/kg 

(WW?) 

no treatment related effects Charbonneau et 
al., 1976 

The residue values were obtained from the Abstract & Figure 2 and 
represent the approximate range for TM concentrations measured 
between week 44 till week 97. Reproductive effects were not 
assessed. 

cats adult males 
and females 

MMC Hg 
contaminated 
pike &clean 

pike w/ added 
MMC 

2 years whole 
blood 

5 to 8.5 
mg TM/kg 

(WW?) 

mild impairment of the 
hopping reaction and 
hypalgesia; these effects first 
occurred after 60 weeks but 
did not intensify during the 
remainder of the study 

Charbonneau et 
al., 1976 

The residue values were obtained from the Results section & Figure 2 
and represents the approximate blood TM concentration range 
measured between week 44 & 97. Reproductive effects were not 
assessed. There was no difference in the toxicity or bioavailability of 
MM administered either as MMC or as MM-contaminated fish obtained 
from a Hg-impacted lake in Canada. 

cats adult males 
and females 

MMC Hg 
contaminated 
pike & clean 

pike w/ added 
MMC 

2 years whole 
blood 

8 to 15 mg 
TM/kg 
(WW?) 

severe neurological 
impairment, i.e., ataxia, loss 
of balance, and loss of motor 
coordination, in all the cats 
starting after about 40 weeks 
of treatment 

Charbonneau et 
al., 1976 

The residue values were obtained from the Results section, Table 2 & 
Figure 2 and represent the approximate blood TM concentration range 
measured between week 44 & 97. Reproductive effects were not 
assessed. There was no difference in the toxicity or bioavailability of 
MM administered either as MMC or as MM-contaminated fish obtained 
from a Hg-impacted lake in Canada. 

cats adult males 
and females 

MMC capsules (0.25 
mg Hg/kg BW/ 

d) 

12-14 
weeks 

blood 14.2 mg 
TM/kg 
(WW?) 

the average duration to 
onset of mercury intoxication 
was 77 days (range = 55 to 
96 days); no effect on weight 
gain or food consumption 

Charbonneau et 
al, 1974 

The residue value was obtained from Table 2 & 3 and represents the 
mean blood TM concentration at the end of the exposure (control 
blood Hg conc. = 0.1-0.37 mg/kg over same exposure period). 

cats adult males 
and females 

not 
applicable 

contaminated 
seal liver 5X/ 

week 

90 days blood 862 mg 
TM/kg 
(WW?) 

no neurologic or 
histopathologic abnormalities 
detected in any of the 
animals 

Eaton et al., 
1980 

The residue value was obtained from Table 2. This value, wich 
represents the mean TM concentration for blood samples taken at the 
end of the 90 day exposure period, is for the highest Hg dosage. Note 
that the reported concentration appears excessive. Might there have 
been a problem with the units as reported by Eaton et al., 1980? 

cats adult males 
and females 

MMC capsules (0.25 
mg Hg/kg BW/ 

day) 

90 days blood 12,338 mg 
TM/kg 
(WW?) 

all exposed cats showed 
signs of neurological 
abnormalities; mean survival 
period = 78 days 

Eaton et al., 
1980 

The residue value was obtained from Table 2 and represents the 
mean TM concentration for blood samples taken at the end of the 90 
day period (or when convulsions were severe). Note that the reported 
concentration appears excessive. Might there have been a problem 
with the units as reported by Eaton et al., 1980? 

monkey 
(Macaca 
fascicularis) 

adult 
females 

MMH Hg added to 
diet 

> 1 year whole 
blood 

0-0.999 
mg TM/kg 

no effect on % viable 
deliveries 

Burbacher et al., 
1988 

The residue value was obtained from Table 7. % viable deliveries = # 
of viable offspring/# of conceptions. The blood Hg levels had reached 
equilibrium by 10 weeks of treatment (see Figure 2). 



)

Attachment 7.1: Mercury Tissue Residue and Effects Database for Mammals 

Test 
Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyze 

d 

Tissue 
Residue 

Level 

Response Ref. Comments 

monkey 
(Macaca 
fascicularis) 

adult 
females 

MMH Hg added to 
diet 

> 1 year whole 
blood 

> 1.5 mg 
TM/kg 

signif. reduction in the % of 
viable deliveries 

Burbacher et al., 
1988 

The residue value was obtained from Table 7. % viable deliveries = # 
of viable offspring/# of conceptions). The dosage or blood Hg conc. 
had no effect on  physical characteristics in infants (see Table 8). The 
blood Hg levels were equilibrated by 10 weeks of treatment (see 
Figure 2). 

monkey 
(Macaca 
fascicularis) 

adult 
females 

MMH Hg added to 
diet 

> 1 year whole 
blood 

up to 1. 
499 mg 
TM/kg 

no signif. effect on the % 
reproductive success 

Burbacher et al., 
1988 

The residue value was obtained from Table 5. % reproductive success 
= # of viable offspring/ # of females. the blood Hg levels were 
equilibrated by 10 weeks of treatment (see Figure 2). 

monkey 
(Macaca 
fascicularis) 

adult 
females 

MMH Hg added to 
diet 

> 1 year whole 
blood 

> 1.5 mg 
TM/kg 

signif. decrease in the % 
reproductive success 

Burbacher et al., 
1988 

The residue value was obtained from Table 5. % reproductive success 
= # of viable offspring/ # of females. The blood Hg levels were 
equilibrated by 10 weeks of treatment (see Figure 2). 

monkey 
(Macaca 
fascicularis) 

adult 
females 

MMH Hg added to 
diet 

> 1 year whole 
blood 

> 2 mg 
TM/kg 

overt signs of Hg toxicity in 
adult females 

Burbacher et al., 
1988 

The residue value was obtained from Table 7. The duration of Hg 
exposure prior to the onset of toxicity ranged from 177 to 395 days. 
The blood Hg levels were equilibrated by 10 weeks of treatment (see 
Figure 2). 

harp seal 
(Pagophilus 
groen-
landicus) 

life stage not 
reported 

MM gel caps in 
fish (0.25 ppm 

) 

60 days blood 9.93 mg 
Hg/kg 

decline in appetite and loss 
of body weight 

Ronald et al., 
1977 as 

reported in 
Wolfe et al., 

1998 

The data were obtained from Table 1 in Wolfe et al., 1998. 

panther 
(Felis 
concolor 
coryi) 

various ages not 
applicable 

natural diet not 
applicable 

whole 
blood 

0.09 & 0. 
80 mg Hg/ 

kg 

not applicable (effects not 
measured in this study) 

Roelke et al., 
1991 

The residue values were obtained from Figure 2 and represent the min 
and max mean blood Hg concentrations from panthers collected in 
five areas across southern Florida. 

deer mouse 
(Peromyscu 
s 
maniculatus 

male not 
applicable 

natural diet not 
applicable 

fur 1.3 mg Hg 
/kg 

no effect on swimming ability 
or stress tolerance 

Burton et al., 
1977 

The residue value was obtained from the Results section & Table 1 
and represents the highest of two mean Hg concentrations measured 
in mice collected from two control locations around the Great Salt 
Lake in Utah. 

deer mouse 
(Peromyscu 
s 
maniculatus 

male not 
applicable 

natural diet not 
applicable 

fur 7.8 mg Hg 
/kg 

significant behavior 
deviations in regards to 
swimming ability and stress 
tolerance 

Burton et al., 
1977 

The residue value was obtained from the Results section & Table 1 
and represents the lowest of two mean Hg concentrations measured 
in mice collected from two separate islands in the Great Salt Lake, 
Utah. 

woodmouse not specified not 
applicable 

natural diet not 
applicable 

fur 0.12 & 0. 
78 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Bull et al., 1977 
as reported in 
Wren, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the mean TM concentration in fur from mice collected in a 
reference location (n=10) and near a chloralkali plant (n=6) in England 
. The ranges are 0.05-0.19 mg/kg for reference mice and 0.5-1.38 mg/ 
kg for exposed mice. 
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Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 
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Durat. 
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d 

Tissue 
Residue 
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bank vole not specified not 
applicable 

natural diet not 
applicable 

fur 0.18 & 0. 
91 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Bull et al., 1977 
as reported in 
Wren, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the mean TM concentration in fur from voles collected in a 
reference location (n=6) and near a chloralkali plant (n=7) in England. 
The ranges are 0.12-0.35 mg/kg for reference voles and 0.4-2.15 mg/ 
kg for exposed voles. 

mink 
(Mustela 
vison) 

adult males 
& females 

MM diet (5.0 mg 
MM/kg food, 

WW) 

32 days fur 1.22 mg 
TM/kg 
(WW) 

severe weight loss, 
neurotoxicity & complete 
mortality in the adults within 
1 month 

Aulerich et al., 
1974 

The residue value was obtained from Tables II & VI. Use w/ extreme 
caution. The mean fur TM concentration of MM-exposed mink was not 
different from controls... However, Hg levels in internal organs of MM-
exposed mink were 1-2 orders of magnitude higher than controls. It is 
likely that little hair growth occured during the short exposure period to 
reflect internal levels. The mean TM concentration in control fur 
samples = 1.13 mg/kg. 

mink 
(Mustela 
vison) 

adult males 
& females 

MC diet (10 mg 
MC/kg food, 

WW) 

5 months fur 1.23 mg 
TM/kg 
(WW) 

kit weight at birth significantly 
lower compared to controls; 
no long-term effects on 
parental survival, whelping or 
kit survival 

Aulerich et al., 
1974 

The residue value was obtained from Tables II, III, IV & VI and 
represents a single animal (reason for analyzing fur from only 1 animal 
was not specified in paper). The mean TM concentration in fur of 
control mink (n=4) was 1.13 mg/kg. The data showed that inorganic 
Hg was much less toxic than MM. 

mink 
(Mustela 
vison) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 3.0 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from p. 1118 and represents the 
mean fur TM concentration for mink sampled from the non-
industrialized portion of the Wisconsin River watershed (= ref.value). 

mink 
(Mustela 
vison) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 5.15 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Stevens et al., 
1997 

The residue value was obtained from Table 2. It represents 
background & is the mean TM concentration for 7 mink caught around 
Oak Ridge Reservation, Tennessee (range = 0.64-10.1 mg/kg DW). 

mink 
(Mustela 
vison) 

adult 
females 

mostly 
MM 

diet (0.09mg 
Hg/kg food) 

180 days fur 7.71 mg 
Hg/kg 
(WW) 

no effect on litter size Halbrook et al., 
1997 

The residue value was obtained from Tables 3 & 4. For control diets (0 
.02 & 0.05 mg Hg/kg food), the mean Hg concentration in fur = 3.79 & 
7.43 mg/kg. Litter size for 0.15 mg Hg/kg food diet (=13.4 mg Hg/kg 
fur) fell between the no effect and effect level. 

mink 
(Mustela 
vison) 

adult 
females 

mostly 
MM 

diet (0.22mg 
Hg/kg food) 

180 days fur 19.03 mg 
Hg/kg 
(WW) 

significant reduction in 
weight of adult females, litter 
size & weight of male kits 

Halbrook et al., 
1997 

The residue value was obtained from Tables 3 & 4 and represents the 
mean Hg concentration measured in fur at the end of the study (range 
= 16.8-21.4 mg/kg). 

mink 
(Mustela 
vison) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 10.5 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from p. 1118 and represents the 
mean fur TM concentration for mink sampled from the industrialized 
portion of the Wisconsin River, Wisconsin. 

mink 
(Mustela 
vison) 

adults not 
applicable 

natural diet not 
applicable 

fur 10.7 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Cumbie, 1975b The residue value was obtained from Table 1and represents the mean 
fur TM concentration for mink (n=7) caught in the Piedmont and lower 
coastal plan of Georgia. 

mink 
(Mustela 
vison) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 17.3 & 11. 
3 mg Hg/ 
kg (WW) 

not applicable (effects not 
measured in this study) 

Evans et al., 
2000 

The two residue values were obtained from Tables 1 & 2 and are the 
mean TM and MM conc. , respectively, for 19 mink collected from 
across Ontario. These values represent average Hg background 
concentrations. 
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mink 
(Mustela 
vison) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 26.9 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Fortin et al., 
2001 

The residue value was obtained from Table 2. It represents 
background TM concentration & is the mean for 39 mink from James 
Bay Territory, Canada. 

muskrat 
(Ondatra 
zibethicus) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 0.06 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The tissue residue value was obtained from Table 1and is the mean 
fur TM concentration for muskrats (n=14) sampled throughout 
Wisconsin. 

muskrat 
(Ondatra 
zibethicus) 

juvenile not 
applicable 

natural diet not 
applicable 

fur 0.09 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Stevens et al., 
1997 

The residue value was obtained from Table 1. It represents 
background & is the mean fur TM concentration for 12 muskrat caught 
around Oak Ridge Reservation, Tennessee (range = 0.05-0.13 mg/kg 
DW). 

muskrat 
(Ondatra 
zibethicus) 

adult not 
applicable 

natural diet not 
applicable 

fur 0.13 mg 
TM/kg 
(DW) 

not applicable (effects not 
measured in this study) 

Stevens et al., 
1997 

The residue value was obtained from Table 1. It represents 
background & is the mean fur TM concentration for 10 muskrat caught 
around Oak Ridge Reservation, Tennessee (range = 0.05-0.27 mg/kg 
DW). 

muskrat 
(Ondatra 
zibethicus) 

not specified not 
applicable 

natural diet not 
applicable 

fur 0.26 (0.01 
-0.57) mg 

TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Wren, 1986 The residue values were obtained from Table 1 and represent the 
mean and range TM concentrations in fur from five muskrats collected 
throughout the Wabogoon River watershed in Ontario, Canada. 

river otter 
(Lutra 
canadensis) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 3.8 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from p. 1118 and represents the 
mean fur TM concentration for otters sampled from the non-
industrialized portion of the Wisconsin River watershed in Wisconsin ( 
= ref.value). 

river otter 
(Lutra 
canadensis) 

juveniles -
older adults 

not 
applicable 

natural diet not 
applicable 

fur 7.05 & 8.8 
mg TM/kg 

(DW) 

no difference in 18 months 
survivorship between 
populations from 2 study 
locations 

Ben-David et al., 
2001 

The two mean residue values were extrapolated from Figure 4; 7.05 
mg/kg (n=31) is the mean fur TM concentration for animals collected 
from the reference location & 8.8 mg/kg (n=32) is the mean fur TM 
concentration from animals collected at an old mining location in 
Prince William Sound, Alaska. 

river otter 
(Lutra 
canadensis) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 9.5 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from p. 1118 and represents the 
mean fur TM concentration for otters sampled from the industrialized 
portion of the Wisconsin River, Wisconsin. 

river otter 
(Lutra 
canadensis) 

0 to > 5 
years 

not 
applicable 

natural diet not 
applicable 

fur 8.9 - 10.6 
mg TM/kg 

(DW) 

not applicable (effects not 
measured in this study) 

Evans et al., 
1998 

The residue values were obtained from Table 1 and represent the 
range of mean fur TM concnetrations for otters collected from 4 
townships in Ontario. 

river otter 
(Lutra 
canadensis) 

subadults -
adults 

not 
applicable 

natural diet not 
applicable 

fur 10.6 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Evans et al., 
2000 

The residue value was obtained from Tables 1 & 2 and represents the 
mean background fur TM concentrations for otters (n=41) collected 
from across Ontario, Canada. The mean background MM 
concentration in fur was equal to 8.2 mg/kg (WW). 

river otter 
(Lutra 
canadensis) 

subadults -
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 19.5 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Fortin et al., 
2001 

The residue value was obtained from Table 2 and represents the 
mean fur background TM concentration for 12 otters from James Bay 
Territory, Canada. 

river otter 
(Lutra 
canadensis) 

subadults & 
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 15.2 to 25. 
5 mg TM/ 
kg (WW) 

not applicable (effects not 
measured in this study) 

Halbrook et al., 
1994 

The residue values were obtained from Table 1 and represent the min 
-max mean TM concentration for fur samples (n=125) collected in 
three regions across Georgia (USA). 



Attachment 7.1: Mercury Tissue Residue and Effects Database for Mammals 

Test 
Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyze 

d 

Tissue 
Residue 

Level 

Response Ref. Comments 

river otter 
(Lutra 
canadensis) 

adults (?) not 
applicable 

natural diet not 
applicable 

fur 15.9 & 37. 
6 mg TM/ 
kg (DW) 

not applicable (effects not 
measured in this study) 

Cumbie, 1975b The two residue values were obtained from Table 1 and represent the 
mean fur TM concentrations for otters caught in the Piedmont (n=3) 
and lower coastal plain (n=6), respectively, of Georgia. 

beaver 
(Castor 
canadensis) 

subadults & 
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 0.03 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from Table 1 and represents the 
mean fur TM concentration for beavers (n=19) sampled throughout 
Wisconsin. 

red fox 
(Vulpes 
vulpes) 

not reported not 
applicable 

natural diet not 
applicable 

fur 0.49 & 0. 
55 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Cumbie & 
Jenkins as 

reported in Wren 
, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the mean TM concentration in fur from red foxes collected in 
the lower coastal plain (n=3; range = 0.19-0.27 mg/kg) and Piedmont 
(n=6; range = 0.24-0.98 mg/kg) in Georgia. 

red fox 
(Vulpes 
vulpes) 

subadults & 
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 0.55 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from Table 1 and represents the 
mean fur TM concentration for red foxes (n=12) sampled throughout 
Wisconsin. 

gray fox not reported not 
applicable 

natural diet not 
applicable 

fur 0.28, 0.5 
& 0.76 mg 

TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Cumbie & 
Jenkins as 

reported in Wren 
, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent  the mean TM concentrations in fur from gray foxes 
collected from the upper coastal plain, GA (n= 7; range = 0.16-0.38 
mg/kg), the Piedmont (n= 28; range = <0.2-1.0 mg/kg) and the lower 
coastal plain (n=20; range = 0.11-2.75 mg/kg), respectively. 

opossum not reported not 
applicable 

natural diet not 
applicable 

fur 1.5 to 4.44 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Cumbie & 
Jenkins as 

reported in Wren 
, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the lowest and highest mean TM concentrations in fur from 
opossums collected in four regions in Georgia and South Carolina. 

gray squirrel juveniles & 
adults 

not 
applicable 

natural diet not 
applicable 

fur 0.9 & 2.7 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Jenkins et al., 
1980 as 

reported in Wren 
, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the mean TM concentrations in fur from 1-year old (n=19) 
and >2-year (n=5) old squirrels, respectively, captured  in Florida. 

elk not reported not 
applicable 

natural diet not 
applicable 

fur 0.2 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Huckabee et al., 
1972 as 

reported in Wren 
1986 

The residue value was obtained from Table 1 in Wren (1986) and 
represents the mean (n=4) TM concentrations in elk fur collected in 
Idaho. 

mountain 
goat 

not reported not 
applicable 

natural diet not 
applicable 

fur 0.1 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Huckabee et al., 
1972 as 

reported in Wren 
1986 

The residue value was obtained from Table 1 in Wren (1986) and 
represents the mean TM concentration for fur from two mountain 
goats collected in Idaho. 



Attachment 7.1: Mercury Tissue Residue and Effects Database for Mammals 

Test 
Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyze 

d 

Tissue 
Residue 

Level 

Response Ref. Comments 

white-tailed 
deer 

not reported not 
applicable 

natural diet not 
applicable 

fur 0.01 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Lynch, 1973 as 
reported in Wren 

, 1986 

The residue value was obtained from Table 1 in Wren (1986) and 
represents the mean TM concentration for fur from seven deer 
collected from Ohio (range = ND-0.05 mg/kg). 

white-tailed 
deer 

not reported not 
applicable 

natural diet not 
applicable 

fur <0.2-0.59 
& 0.13-0.4 
mg TM/kg 

(WW) 

not applicable (effects not 
measured in this study) 

Cumbie & 
Jenkins, 1975 
as reported in 
Wren, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the range for fur TMconcentrations in deer collected from 
Georgia (n= 68) and Florida (n=6), respectively. 

black bear not reported not 
applicable 

natural diet not 
applicable 

fur 0.18 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Benson et al., 
1974 as 

reported in Wren 
1986 

The residue value was obtained from Table 1 in Wren (1986) and 
represents the mean TM concentration for fur from four black bears 
collected in Idaho. 

raccoon 
(Procyon 
lotor) 

subadults & 
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 3.8 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Sheffy & St. 
Amant, 1982 

The residue value was obtained from Table 1 and represents the 
mean TM concentration for twelve raccoons sampled throughout 
Wisconsin. 

raccoon 
(Procyon 
lotor) 

mixed 
juveniles & 

adults 

not 
applicable 

natural diet not 
applicable 

fur 3.98 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Cumbie, 1975a The residue value was calculated from Table 2 and represents the 
geometric mean TM Concentration for five raccoons collected in 
Florida, Georgia and South Carolina. 

raccoon 
(Procyon 
lotor) 

not reported not 
applicable 

natural diet not 
applicable 

fur 2.09 to 9. 
86 mg TM 
/kg (WW) 

not applicable (effects not 
measured in this study) 

Bigler et al., 
1975 as 

reported in Wren 
, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the lowest and highest mean fur TM concentrations for 
raccoons collected from 6 different areas in Florida, Georgia and 
South Carolina. 

raccoon 
(Procyon 
lotor) 

subadults & 
adults of 

both sexes 

not 
applicable 

natural diet not 
applicable 

fur 11.0 mg 
TM/kg 
(WW) 

no histopathological changes 
observed in the brains 

Wolfe & Norman 
, 1998 

The residue value was obtained from Table 4 and represents the 
mean (range = 4.05-21.97mg/kg) TM concentrations for raccoons 
sampled from the Clear Lake Superfund site in California. Note that 
the authors reported that the measured brain Hg levels in those same 
raccoons were well below published NOAEL and LOAEL levels. 

bobcat 
(Lynx rufus) 

not available not 
applicable 

natural diet not 
applicable 

fur 0.93, 7.44 
& 8.61 mg 

TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Cumbie & 
Jenkins, 1975 
as reported in 
Wren, 1986 

The residue values were obtained from Table 1 in Wren (1986) and 
represent the mean fur TM  concentrations for bobcats collected from 
the upper coastal plan, GA (n= 9; range = 0.22-2.31 mg/kg), lower 
coastal plain, GA (n= 28; range = 0.44-32.4 mg/kg) and south Carolina 
(n= 6; range = 1 97-19 1 mg/kg) respectively 

bobcat 
(Lynx rufus) 

mixed 
juveniles & 

adults 

not 
applicable 

natural diet not 
applicable 

fur 8.52 mg 
TM/kg 
(WW) 

not applicable (effects not 
measured in this study) 

Cumbie, 1975a The residue value was obtained from Table 2 and represents the 
geometric mean TM concentration for five bobcats collected in Florida, 
Georgia and South Carolina. 

cats adult males 
and females 

not 
applicable 

contaminated 
seal liver 5X/ 

week 

90 days fur 7.6 mg 
TM/kg 
(WW?) 

no neurologic or 
histopathologic abnormalities 
detected in any of the 
animals 

Eaton et al., 
1980 

The residue value was obtained from Table 2. This value, which 
represents the mean TM concentration for fur samples taken at the 
end of the 90 day exposure period is for the highest Hg dosage. 

cats adult males 
and females 

MMC capsules (0.25 
mg Hg/kg BW/ 

day) 

90 days fur 170 mg 
TM/kg 
(WW?) 

all exposed cats showed 
signs of neurological 
abnormalities; mean survival 
period = 78 days 

Eaton et al., 
1980 

The residue value was obtained from Table 2 and represents the 
mean TM concentration for fur samples taken at the end of the 90 day 
period (or when convulsions were severe). 
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Test 
Species 

Starting 
Life Stage 

Chemical 
Tested 

Exposure 
Route & 
Conc. 

Test 
Durat. 

Tissue 
Analyze 

d 

Tissue 
Residue 

Level 

Response Ref. Comments 

cats subadult 
males and 
females 

MMH Hg 
contaminated 
pike & clean 

pike w/ added 
MMH 

65-85 
days 

fur 345 mg 
TM/kg 

convulsions started between 
days 60 & 83; loss of weight 
during the last days of 
exposure 

Albanus et al., 
1972 

The residue value was obtained from Tables 3, 4 & 8 and represents 
the mean TM concentration at autopsy for fur from Group 1 cats (fed 
contaminated pike caught in a Hg impacted lake in Sweden) and 
Group 2 cats (fed uncontaminated pike amended with MMH to attain 
same MM conc. as in Group 1 feed). 

panther 
(Felis 
concolor 
coryi) 

various ages not 
applicable 

natural diet not 
applicable 

fur 2.0 & 62 
mg Hg/kg 

not applicable (effects not 
measured in this study) 

Roelke et al., 
1991 

The residue values were obtained from Figure 3 and represent the min 
and max means for fur from panthers collected in five areas across 
southern FL. 

Chemical: MC = mercuric chloride; MMC = methylmercuric chloride; MMH = methylmercuric hydroxide; MMD = methylmercury dicyandiamide; MM = methylmercury; TM = total mercury 



Attachment 7.2: Summary of the most conservative species-specific no effect and effect blood and fur Hg residue data for mammals 

Mammal Expos. Hg used in Measured No Effect Concentration (mg/kg, WW) Measured Effect Concentration (mg/kg, WW) 

Species Route & Exposure 

Durat. Residue Response Comment Residue Response Comment Reference 

Level Level 

Hg IN BLOOD 

raccoon natural 
diet 

not 
applicable 

0.4 mg/kg no histopathological 
changes observed in the 
brain 

brain Hg conc. was well 
below published NOAEL 
and LOAEL values 

- - an effect CBR for 
blood was not 
available for this 

Wolfe & 
Norman, 1998 

species 

mink natural 
diet 

not 
applicable 

<0.63 
mg/kg 

see comment brain Hg levels associated 
with this blood level was 
too low to cause toxicity 

- - an effect CBR for 
blood was not 
available for this 
species 

Wolfe & 
Norman, 1998 

macaque lab diet; organic Hg <1.0 mg/kg no effect on % viable blood [Hg] measured in >1.5 mg/kg signif. reduction in the blood [Hg] is for Burbacher et 

monkey > 1 year deliveries adult females % viable deliveries adult females; signs al., 1988 

of Hg tox @ 2 mg/kg 

cat oral; 24 organic Hg <3.5 mg/kg no signs of neurological upper range of blood TM >5 mg/kg mild neurological lower range of blood Charbonneau et 
months impairment concentration  impairment starting after TM concentration al., 1976 

60 wks of treatment 

lab mouse intuba
tion; 42 
days 

organic Hg <4.7 mg/kg no effect on growth; no 
signs of neurotoxicity 

- - - an effect CBR for 
blood was not 
available for this 

Evans et al., 
1982 

species 

harp seal gel caps 
in fish 

organic Hg - - a no effect blood CBR 
was not available for this 
species 

9.93 mg/kg decline in appetite and 
loss of body weight 

residue value 
represents total 
blood Hg 

Ronald et al., 
1977 as 
reported in 
Wolfe et al., 
1998 

rat lab diet; 
up to 26 
months 

organic Hg 30 mg/kg no effect on growth or 
mortality; no overt signs 
of neurotoxicity 

value is mean blood 
concentration at end of 
treatment in the no effect 
group 

116.2 
mg/kg 

reduced growth & 
increased mortality; 
signs of neurotoxicity 

value is mean blood 
concentration from 
moribund, dying & 
surviving animals 

Munro et al., 
1980 

Hg IN FUR 

deer natural not 1.3 mg/kg no effect on swimming Hg conc. in mice 7.8 mg/kg signif. changes in Hg conc. in mice Burton et al., 

mouse diet applicable ability or stress collected from reference swimming ability and collected from a site 1977 

tolerance in lab tests site stress tolerance in lab w/ high Hg conc. 

tests food 



Attachment 7.2: Summary of the most conservative species-specific no effect and effect blood and fur Hg residue data for mammals 

Mammal 

Species 

Expos. 

Route & 

Durat. 

Hg used in 

Exposure 

Measured No Effect Concentration (mg/kg, WW) Measured Effect Concentration (mg/kg, WW) 

ReferenceResidue 

Level 

Response Comment Residue 

Level 

Response Comment 

cat capsules 
; 90 days 

organic Hg 7.6 mg/kg no neurologic or 
histopathologic 
abnormalities 

value is mean for fur 
collected at end of 
treatment 

170 mg/kg all exposed cats showed 
signs of neurotoxicity 

value is mean for fur 
collected at end of 
treatment or when 
convulsions severe 

Eaton et al., 
1980 

mink lab diet; 
6 
months 

organic Hg 7.71 mg/kg highest mean fur [Hg] w/ 
no effect on litter size 

value is mean (range) in 
fur from adult females 

19.03 
mg/kg 

lowest mean fur [Hg] w/ 
effect on for litter size 

value is mean (range) 
in fur from adult 
females 

Halbrook et al., 
1997 

river otter natural 
diet 

not 
applicable

 8.8 mg/kg no effect on 18 month 
survivorship 

fur samples came from 
field-collected animals 

- - an effect CBR for fur 
was not available for 
this species 

Ben-David et 
al., 2001 

raccoon natural 
diet 

not 
applicable 

11.0 mg/kg no histopathological 
changes observed in the 
brain 

brain Hg conc. was well 
below published NOAEL 
and LOAEL values 

- - an effect CBR for fur  
was not available for 
this species 

Wolfe & 
Norman, 1998 
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Attachment 7.4: No Effects and Effects Mercury Toxicity Reference Value (TRV) Database for Mammals 

Test 
Species 

Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure 
Route 

Daily dose 
(mg Hg/kg 

BW/d) 

Response Ref. Comments 

rat - 
Wistar 

weanling 
males & 
females 

MMC up to 26 
months 

diet 0.050 mg 
Hg/kg BW/d 

no signif. effect on body weight or mortality; 
no overt clinical signs of Hg toxicity 

Munro et al., 
1980 

Data were obtained from Figures 1 & 2. 

rat - 
Wistar 

weanling 
males & 
females 

MMC up to 26 
months 

diet 0.25 mg Hg/ 
kg BW/d 

reduced body weight, increased mortality and 
clinical signs of Hg toxicity 

Munro et al., 
1980 

See previous comment for details. 

rat - 
Wistar 

weanling 
females 

MMC 122 days diet 0.25 mg Hg/ 
kg BW/d 

no effect on body-weight gain, behaviour or 
reproductive performance 

Khera & 
Tabacova, 

1973 

Data were obtained from Abstract; 0.25 mg/kg/d was highest dose 
tested. 

rat - 
Sprague 
Dawley 

44-49 
days old 

MC 81 days daily oral 
gavage 

0.75 mg Hg/ 
kg BW/d 

significant reduction in the # of pregnant 
females, mean live pups/litter, and embryo 
implant efficiencies 

Atkinson et al., 
2001 

Data were obtained from Table 1, 2 & 3. Numerous data on organ 
weights or other reproductive endpoints also available but were no 
worse than data shown here. Effects of MC were less severe in 2nd 
generation. Dose shown here was lowest tested. 

rat - 
Wistar 

subadult 
males and 
females 

MC 4 weeks diet 0.825 mg 
Hg/kg BW/d 

no significant body weight loss after 4 weeks 
of treatment 

Jonker et al., 
1993 

Data were obtained from Tables 2 & 5 (see attachment to paper for 
dose calculations). Numerous data on organ weights, blood analysis 
and urinalysis also presented by the authors. 

rat - 
Wistar 

subadult 
males and 
females 

MC 4 weeks diet 6.96 mg Hg/ 
kg BW/d 

significant body weight loss in male rats after 
4 weeks of treatment 

Jonker et al., 
1993 

See previous comment for details. No significant weight loss in 
females on the same dose. 

rat - 
Sprague 
Dawley 

21 day-old 
males and 
females 

MMC 12 weeks diet 0.136 mg 
Hg/kg BW/d 

no effect on body weight gain or mortality Soares et al., 
1973 

Data were obtained from Table 8 (see also attachment to paper for 
dose calculations). Daily dose shown is for males, which were 
slightly more sensitive than females. 

rat - 
Sprague 
Dawley 

21 day-old 
males and 
females 

MMC 12 weeks diet 1.02 mg Hg/ 
kg BW/d 

decreased body weight gain and increased 
mortality 

Soares et al., 
1973 

Data were obtained from Table 8 (see also attachment to paper for 
dose calculations). Daily dose shown is for males, which were 
slightly more sensitive than females. 

rat - 
Porton 

65-75 day 
old 

females 

MMC 12 weeks oral dosing 5X/ 
week 

0.6 mg Hg/ 
kg BW/d 

no weight loss; no signs of neurotoxicity Magos & 
Butler, 1976 

Data were obtained from Results section & Table 1 (see also 
attachment to paper for dose calculations). Caution: no controls 
were included in the study. 

rat - 
Porton 

65-75 day 
old 

females 

MMC 3 weeks oral dosing 5X/ 
week 

2.4 mg Hg/ 
kg BW/d 

significant weight loss; presence of 
neurotoxicity 

Magos & 
Butler, 1976 

Data were obtained from Results section & Table 1 (see also 
attachment to paper for dose calculations). Caution: no controls 
were included in the study. 

rat - 
Wistar 

adult 
females 

MMC 7th-14th 
day of 

gestation 

daily oral dose 2.5 mg Hg/ 
kg BW/d 

no effect on reproduction Fuyuta et al., 
1978 

Data were obtained fromTable 2. 

rat adult 
females 

MMC 7th-14th 
day of 

gestation 

daily oral dose 5.0 mg Hg/ 
kg BW/d 

significant increase in the number of fetal 
malformations; significant decreases in fetal 
body weight 

Fuyuta et al., 
1978 

Data were obtained fromTables 3 & 4. 

mouse -
B6C3F1 

juvenile 
males and 
females 

MMC 104 
weeks 

diet 0.174 mg 
Hg/kg BW/d 

no effects on mortality or growth; no 
neurotoxicity 

Mitsumori et al 
., 1990 

Data were extrapolated from Figs. 1 & 2. The overal mean daily 
dose was reported on p. 181 in the Results section. The authors did 
not assess reproductive effects. 



Attachment 7.4: No Effects and Effects Mercury Toxicity Reference Value (TRV) Database for Mammals 

Test 
Species 

Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure 
Route 

Daily dose 
(mg Hg/kg 

BW/d) 

Response Ref. Comments 

mouse -
B6C3F1 

juvenile 
males and 
females 

MMC 104 
weeks 

diet 0.859 mg 
Hg/kg BW/d 

increased mortality & decreased weight gain 
in males; neurotoxicity in both males and 
females 

Mitsumori et al 
., 1990 

See previous comment for details. 

mouse -
ICR 

juvenile 
males and 
females 

MMC 104 
weeks 

diet 0.906 mg 
Hg/kg BW/d 

no effect on mortality, weight gain or food 
consumption 

Hirano et al., 
1986 as 

reported by 
Mitsumori et al 

., 1990 

Data were obtained from Table 3 in Mitsumori et al., 1990. This no 
effect dose was the highest tested. When compared to the 
Mitsomuri et al. (1990) data, the results in Hirano et al. (1986) 
indicate different sensitivities across laboratory mouse strains. 

mouse -
BALB/c 

adult 
females 

MMC 42 days intubation (5x/ 
week) 

1.4 mg Hg/ 
kg BW/d 

no effect on weight gain Evans et al., 
1982 

Data were obtained from p. 30 in Evans et al., 1982. The authors did 
not observe any signs of maternal neurotoxicity. 

mouse -
C57BL 

adult 
females 

MMC 6th 
through 
13th day 

of 

daily oral dose 2.5 mg Hg/ 
kg BW/d 

lowest dose resulting in a significant 
reproductive response (=increase in the 
number of malformed embroys) 

Fuyuta et al., 
1978 

Data were obtained from the Results section & Table 1. The value 
shown here was the lowest dose tested in the study. The authors did 
not observe any signs of maternal neurotoxicity. 

mouse -
Swiss 
Webster 

pregnant 
females 

MMC 6th 
through 
17th day 

of 

one daily oral 
dose for 12 
consecutive 
days 

1.0 mg Hg/ 
kg BW/d 

no effect on reproduction Khera & 
Tabacova, 

1973 

Data were obtained from Table 1. 

mouse -
Swiss 
Webster 

pregnant 
females 

MMC 6th 
through 
17th day 

of 

one daily oral 
dose for 12 
consecutive 
days 

5.0 mg Hg/ 
kg BW/d 

100% stillbirths Khera & 
Tabacova, 

1973 

Data were obtained from Table 1. The authors did not report any 
signs of neurotoxicity in the adult dams. 

mouse -
129/ 
SvS1 

pregnant 
females 

MMH 7th 
through 
12th day 

of 

daily 
subcutaneous 
injections 

2.0 mg Hg/ 
kg BW/d 

highest daily dose not resulting in a 
significant increase in fetuses with cleft palate 

Su & Okita, 
1976 

Data were obtained from Table 4. The authors did not observe any 
signs of neurotoxicity in the pregnant females. 

mouse-
129/ 
SvS1 

pregnant 
females 

MMH 7th 
through 
12th day 

of 

daily 
subcutaneous 
injections 

4.0 mg Hg/ 
kg BW/d 

lowest daily dose resulting in a significant 
increase in fetuses with cleft palate 

Su & Okita, 
1976 

Data were obtained from Table 4. The authors did not observe any 
signs of neurotoxicity in the pregnant females. 

mouse -
BALD/c; 
Strain 
129 

adult 
males and 
females 

MMC not 
applicable 

a single oral 
dose to 

pregnant 
females 

5.3 mg Hg/ 
kg BW 

no effect on the # of viable pups Gates et al., 
1986 

Data were obtained from Table 1. The data are for parent females 
dosed 12.5 or 15.5 days postfertilization. No effects on fertility were 
reported when dams were dosed at 9.5 days postfertilization. The 
authors defined "viable" as alive 24 hrs after birth. 

mouse -
BALD/c; 
Strain 
129 

adult 
males and 
females 

MMC not 
applicable 

a single oral 
dose to 

pregnant 
females 

8 mg Hg/kg 
BW 

significant decrease on the # of viable pups Gates et al., 
1986 

See previous comment for details. 

mouse -
101 x 
C3H 

adult 
females 

MMH 12 to 15 
days after 

mating 

a single IP 
injection 

10 mg Hg/ 
kg BW 

signif. reduction in the # of total and living 
embryo implants per fertile female as 
compared to controls 

Suter, 1975 Data obtained from Table IV. Note that this dose had no effect on # 
of copulated females, # of fertile  females or % of dead embryo 
implants. 

mouse -
101 x 
C3H 

adult 
females 

MMH observed 
for 404 
days 

a single IP 
injection 

10 mg Hg/ 
kg BW 

signif. reduction in the total # of offspring 
produced per female 

Suter, 1975 Data obtained from Table V. The same dose was administered to 
three other strains of mice but did not affect their reproductive 
performance. 

mink adult 
females 

MM in 
contamina 

ted fish 

7 months diet 0.014 mg 
Hg/kg BW/d 

no effect on litter size (kits/female) when 
compared to controls 

Halbrook et al. 
, 1997 

Data were obtained from Tables 3 & 4 (see also attachment to 
paper for dose calculations). 



Attachment 7.4: No Effects and Effects Mercury Toxicity Reference Value (TRV) Database for Mammals 

Test 
Species 

Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure 
Route 

Daily dose 
(mg Hg/kg 

BW/d) 

Response Ref. Comments 

mink adult 
females 

MM in 
contamina 

ted fish 

7 months diet 0.035 mg 
Hg/kg BW/d 

significant reduction in litter size (kits/female) 
when compared to controls 

Halbrook et al. 
, 1997 

See previous comments for details. 

mink 
old 

females 

TM 330 - 430 
days 

diet 0.019 mg 
Hg/kg BW/d 

no effects on reproduction Dansereau et 
al., 1999 

Data were obtained from Table 3 (see also attachment to paper for 
dose calculations). The toxic effects in offspring was less severe 
than on their parents. Note that the daily doses presented here were 
based on nominal instead of the measured concentrations in food. 
Both concentrations were comparable. 

mink 
old 

females 

TM 330 - 430 
days 

diet 0.09 mg Hg/ 
kg BW/d 

lowest concentration tested which 
significantly reduced the proportion of 

Dansereau et 
al., 1999 

See previous comment for details. 

mink adult 
females 

Hg-
contamina 

ted fish 

145 days diet 0.055 mg 
Hg/kg BW/d 

no clinical signs of neurotoxicity; no mortality 
attributable to Hg poisoning 

Wobeser et al. 
, 1976a 

The dose was calculated based on the Hg concentration in Group III 
diet (see the attachment to the paper for dose calculations). 

mink adult 
females 

MMC 93 days diet 0.176 mg 
Hg/kg BW/d 

clinical signs of intoxication present in two of 
the five test animals 

Wobeser et al. 
, 1976b 

The dose was calculated based on the Hg concentration in Group II 
diet shown in Table 1 (see also attachment to paper for dose 
calculations). 

mink adult 
males & 
females 

MM 180 days diet 0.16mg Hg/ 
kg BW/d 

increased mortality in females after 70 days 
of treatment; the clinical signs elicited by the 
animals prior to death were consistent with 
MM intoxication 

Wren et al., 
1987a 

The attachment to the paper provides the dose calculations. Only 
one concentration was tested. The mortality of adult mink was 
attributed to the synergistic interaction of MM toxicity and cold stress 
because the mink were kept in outdoor cages during winter. Such 
exposures would be more realistic than laboratory exposures. 

mink adult 
males & 
females 

MM 180 days diet 0.16 mg Hg/ 
kg BW/d 

no apparent effect on reproduction as 
measured by the percentage of females 
whelped or number of kits born per female 

Wren et al., 
1987b 

Data were obtained from Table 2 (see also attachment to paper for 
dose calculations). These results should be interpreted with caution 
because of the small data set (only 4 females were available for 
mating in the MM dosage group due to high winter mortality). 

mink adult 
males & 
females 

MM 32 days diet 0.8 mg Hg/ 
kg BW/d 

significant weight loss and complete mortality 
in about 1 month 

Aulerich et al., 
1974 

Data were obtained from Table II (see also attachment to the paper 
for dose calculations). Effects on reproduction were not examined 
by the authors. 

mink adult 
males & 
females 

MC 5 months diet 1.6 mg Hg/ 
kg BW/d 

no long-terms adverse effects on parental 
survival, whelping, kit survival, or kit growth 
when compared to controls 

Aulerich et al., 
1974 

Data were obtained from Table II, III, IV & VI (see also attachment to 
paper for dose calculations). Note that the dose shown here is for 
inorganic Hg, which explains the lack of toxicity. 

river 
otter 

adults MM > 6 
months 

diet 0.09 mg Hg/ 
kg BW/d 

two of the three exposed otters developed 
anorexia and ataxia between day 168 & day 
199 

O'Connor & 
Nielsen, 1980 
as reported in 
Wolfe et al., 

1998 

This dose was the lowest tested and represents the LOAEL. 

ferret adult 
females 

MM-
contamina 

ted 
chickens 

>2 months diet 0.8 mg Hg/ 
kg BW/d 

neurotoxicity in both exposed females within 
3 weeks; time to death = 58 days 

Hanko et al., 
1970 as 

reported in 
Wren, 1986 

This dose was the lowest tested. The dose calculations are are 
shown at the bottom of p. 235 in Wren, 1986. 

10-22 mo 

10-22 mo 

females giving birth 



Attachment 7.5: Summary of the most conservative species-specific no effect and effect toxicity reference values (TRV) for organic Hg in mammals 

Mammal 

Species 

Exposure 

Route & 

Duration 

Hg used 

in 

Exposure 

No Effect TRV Effect TRV 

ReferenceDaily 

Dose 

Response Comment Daily 

Dose 

Response Comment 

mink diet; 7 

months 

organic 

Hg 

0.014 

mg/kg/d 

no effect on litter size litter size = kits/female 0.035 

mg/kg/d 

significant reduction in 

litter size 

most conservative 

mink TRV available 

from database 

Halbrook et al., 

1997 

cat diet; 2 
years 

organic 
Hg 

0.020 
mg/kg/d 

no treatment-related 
effects as compared to 
controls 

- 0.046 
mg/kg/d 

mild impairment of the 
hopping reaction due to 
neurotoxicity after 60 
weeks of exposure 

most conservative 
TRV available from 
the database 

Charboneau et 
al., 1976 

monkey > 1 year organic 
Hg 

0.050 
mg/kg/d 

no effect on # of viable 
offspring 

- 0.070 
mg/kg/d 

significant decrease in the 
# of viable offspring 

this effect TRV was 
the only one available 
from the database 

Burbacher et 
al., 1988 

river otter diet; > 6 
months 

organic 
Hg 

- - a no effect TRV was not 
available for this species 

0.090 
mg/kg/d 

anorexia and ataxia in 2 
of 3 exposed otters  

symptoms developed 
between day 168 & 
199 of exposure 

O=Connor & 

Nielsen, 1980 

dog oral dosing 
during 
pregnancy 

organic 
Hg 

- - a no effect TRV was not 
available for this species 

0.1 
mg/kg/d 

high incidence of 
stillbirths 

this TRV was the only 
one available from the 
database 

Earl et al., 1973 

rat diet; up to 
26 months 

organic 
Hg 

0.050 
mg/kg/d 

no significant effect on 
growth or mortality; no 
signs of neurotoxicity 

- 0.25 
mg/kg/d 

reduced growth, 
increased mortality & 
signs of neurotoxicity 

most conservative rat 
TRV available from 
database 

Munro et al., 
1980 

mouse diet; 2 
years 

organic 
Hg 

0.174 
mg/kg/d 

no effect on mortality or 
growth; no signs of 
neurotoxicity 

- 0.859 
mg/kg/d 

higher mortality; lower 
weight gain; symptoms of 
neurotoxicity 

most conservative 
mouse TRV available 
from database 

Mitsumori et al., 
1990 

ferret diet; >2 
months 

organic 
Hg 

- - a no effect TRV was not 
available for this species 

0.8 
mg/kg/d 

neurotoxicity in both 
exposed females w/in 3 
wks; time to death = 58 d 

this TRV was the only 
one available from the 
database 

Hanko et al., 
1970 
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Attachment 7.4: No Effects and Effects Mercury Toxicity Reference Value (TRV) Database for Mammals 

Test 
Species 

Starting 
Life 

Stage 

Chemical 
Tested 

Exposure 
Duration 

Exposure 
Route 

Daily dose 
(mg Hg/kg 

BW/d) 

Response Ref. Comments 

cat adult 
males and 
females 

MMC 2 years Hg-
contaminated 

pike+ 
uncontaminated 
pike amended w 

/ MMC 

0.02 mg Hg/ 
kg BW/d 

no treatment related effects over a two-year 
exposure period 

Charbonneau 
et al., 1976 

Data were obtained from the Abstract. The authors did not assess 
effects on reproduction 

cat adult 
males and 
females 

MMC 2 years Hg 
contaminated 

pike+ 
uncontaminated 
pike amended w 

/ MMC 

0.046 mg 
Hg/kg BW/d 

mild impairment of the hopping reaction and 
hypalgesia; these effects first occurred after 
60 weeks but did not intensify during the 
remainder of the 2 year study 

Charbonneau 
et al., 1976 

Data were obtained from the Abstract & the Results section. The 
authors did not assess effects on reproduction. 

cat adult 
males and 
females 

MMC 2 years Hg 
contaminated 

pike+ 
uncontaminated 
pike amended w 

/ MMC 

0.074 mg 
Hg/kg BW/d 

severe neurological impairment, i.e., ataxia, 
loss of balance, and loss of motor 
coordination, was observed in all the cats 
starting after about 40 weeks of treatment 

Charbonneau 
et al., 1976 

Data were obtained from the Results section. The authors did not 
assess effects on reproduction. 

cat subadult 
males and 
females 

not 
applicable 

65-95 
days 

noncontaminate 
d pike 

0.017 mg 
Hg/kg BW/d 

no clinical signs of Hg poisoning observed 
during the entire exposure period 

Albanus et al., 
1972 

Data were obtained from Table 3 and the Results section. The daily 
dose shown here was for controls.The authors did not assess 
effects on reproduction. 

cat subadult 
males and 
females 

MMH 65-95 
days 

Hg-
contaminated 

pike+ 
noncontaminate 
d pike amended 

w/ MMH 

0.45-0.47 
mg Hg/kg 

BW/d 

convulsions started between days 60 & 83; 
loss of weight during the last days of 
exposure 

Albanus et al., 
1972 

Data were obtained from Table 3 and the Results section. The 
authors did not assess effects on reproduction. 

cat adult 
males and 
females 

MMC 84-98 
days 

daily capsules 0.25 mg Hg/ 
kg BW/d 

the average duration to onset of clinical signs 
of neurotoxicity was 77 days (onset ranged 
from 55 to 96 days after start of exposure); 
significant mortality 

Charbonneau 
et al, 1974 

Data were obtained from Table 2. 

cat adult 
males and 
females 

MMC 90 days capsules 5x/ 
week 

0.25 mg Hg/ 
kg BW/d 

all exposed cats showed signs of 
neurotoxicity; significant mortality 

Eaton et al., 
1980 

Data were obtained from Table 2 and the Results section. The mean 
survival period for this group of cats was 78 days. 

cat adult 
males and 
females 

not 
applicable 

90 days TM naturally 
present in seal 

liver 

0.014 mg 
MM/kg BW/ 

d 

no neurologic or histopathologic 
abnormalities detected in any of the animals; 
no increase in mortality 

Eaton et al., 
1980 

Data were obtained from Table 2 (see also attachment to paper for 
dose calculations). The daily dose represents the "high" Hg diet 
group. Note that the organic Hg in the seal liver constituted only 3% 
of the TM content (= most of the Hg ingested by the cats was 
inorganic) 

cat adult 
males and 
females 

MMH up to 4 
weeks 

daily oral dose in 
gelatin capsules 

0.86 mg Hg/ 
kg BW/d 

severe Hg toxicosis Davies et al., 
1977 

Data were obtained from Table 1 and the Results section. 
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US EPA - Region I 
1 1 Technology Drive 
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To: Mr. Bart Hoskins, EPA TOPO 
Via: Mr. Lou Macri, ESAT Program Manager 

TDF No. 1162B 
Task Order No. 26 
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Subject: Technical Support to Finalize the Draft Supplemental Baseline Ecological Risk Assessment for 
Nyanza Operable Unit iV (Sudbury River). 

Dear Mr. Hoskins, 

The Environmental Services Assistance Team (ESAT) provided the following technical support to 
help finalize the draft Supplemental Baseline Ecological Risk Assessment (SBERA) prepared by Avatar 
Environmental for the Nyanza Operable Unit (OU) IV (Sudbury River): 

o Participate in several conference calls between EPA and Avatar Environmental (and Natural 
Trustee Agencies in one case) to discuss the interpretation and presentation of ecological risk by 
river reach, receptor, and measurement endpoint. This effort included making recommendations 
on improving the risk descriptions in the draft SBERA and harmonizing the weight-of-evidence 
approach with current Region 1 methods. 

Obtain and review recent (2003-2008) literature to find scientific papers on Critical Body Residues 
(CBRs) for fish, birds, and mammals, and recommend changes to the CBRs in the draft SBERA 
report based on this new information, if warranted. 

The task was requested by Mr. Bart Hoskins, the Task Order Project Officer (TOPO), and was 
authorized under Technical Direction Form (TDF) No. 11628. The completion date for this task is 
October 30, 2008. 

Please feel free to contact me at (61 7) 91 8-8669 in North Chelmsford, MA, or at (207) 883-4780 
at my home office should you have any questions or comments. 

Sincerely, 

Stan Pauwels 
Senior Staff Scientist 
TechLaw Inc. 
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1.0 GENERAL iNTRODUCTlON 

I .  Task Description 

The Environmental Protection Agency (EPA) issued Technical Direction Form (TDF) No. 1162 on 
August 28, 2008. The TDF requested that the Environmental Services Assistance Team (ESAT) help 
finalize the draft Supplemental Baseline Ecological Risk Assessment (SBERA) prepared by Avatar 
Environmental for the Nyanza Operable Unit (OU) IV (Sudbury River). The support consisted of the 
following: 

Participate in several conference calls between EPA and Avatar Environmental (and Natural 
Trustee Agencies in one case) to discuss the interpretation and presentation of ecological risk by 
river reach, receptor, and measurement endpoint. This effort included making recommendations 
on improving the risk descriptions in the draft SBERA and harmonizing the Weight-of-Evidence 
(WOE) approach with current Region 1 methods. 

e Obtain and review recent (2003-2008) scientific papers on Critical Body Residues (CBRs) for fish, 
birds, and mammals, and recommend changes to the CBRs in the draft SBERA report based on 
this new information, if warranted. 

The EPA modified the TDF (TDF No. 1162A) on September 18, 2008 to allow more time to obtain 
papers via inter-library loan. The completion date was extended to September 30, 2008. 

The TDF was modified a second time (TDF No. 11628) on October 2,2008 to allow more time to 
obtain additional references. The final completion date was extended to October 30, 2008. 

1.2 Site History 

The Nyanza Chemical Superfund Site (the Site) was occupied from 1917 through 1978 by several 
companies which manufactured textile dye intermediates, colloidal solids, and acrylic polymers. Over the 
decades, large volumes of chemical wastes (e.g., partially-treated process water, chemical sludges, solid 
process wastes, solvent recovery distillation residue, various chemicals, and off-specification products) 
were disposed of in pits, below-ground containment structures, and lagoons scattered throughout the Site. 
Mercury (Hg) was one of the compounds used as a catalyst to produce textile dyes. It has been estimated 
that between 45 and 57 metric tons of Hg were released into the Sudbury River between 1940 and 1970. 

Regulatory concerns at the Site started in 1972. EPA placed the Site on the National Priorities List 
(NPL) in 1982. Site investigations have been on-going since that time. These studies determined that 
large sections of the Sudbury River between the Site and its confluence with the Assabet River (about 26 
miles) were contaminated with Hg at levels of potential concern. The available analytical results were 
used to develop BERAs in 1992 and 1999. These studies determined the presence of ecological risk, but 
also identified significant data gaps. Additional field work was started in 2003 to fully quantify the 
ecological exposure and risk to aquatic, semi-aquatic, and terrestrial receptors living or foraging in the 
Sudbury River downstream of the Site. Those new data (plus some older laboratory and field toxicity test 
data on two invertebrate species) were analyzed and interpreted by Avatar Environmental for use in the 
draft SBERA. 

ESAT developed fish, bird, and mammal CBRs in 2003-2004. These values were used by Avatar 
Environmental in the draft SBERA report, which is scheduled to be finalized before the end of 2008. EPA 
requested technical support from ESAT to update the CBRs, if necessary, based on new research 
published between 2003 and 2008. 

This technical memorandum is organized as follows: Section 2.0 summarizes the new literature 
linking tissue Hg residues in fish, birds, and mammals to no effects or effects at the organism or population 



level; Section 3.0 provides a summary and conclusions, and Section 4.0 provides the references. 

2.0 REVIEW OF THE RECENT LITERATURE LINKING TISSUE Hg LEVELS TO RESPONSES IN 
FISH, BIRDS, AND MAMMALS 

2.1 Introduction 

ESAT performed an exhaustive literature search in 2003 to obtain data linking measured tissue Hg 
levels to no effect and effect responses in fish, birds, and mammals. This work was performed under TDF 
No. 12088 (Task Order 15; Task No. 02) and summarized in a technical memorandum dated January 30, 
2004. 

The original search focused on papers linking Hg residues in muscle/whole body (for fish only), 
blood (for birds and mammals), and eggs, feathers, and fur to survival, growth, reproduction, andlor 
behavior. The goal was to derive no effect and effect Hg CBRs for these tissues. Hg levels measured in 
tissues were then compared to these CBRs in the SBERA to evaluate the potential for risk to ecological 
receptors. 

It was decided in 2003 to focus the Hg CBRs on the level of the organism (survival, growth, and 
behavior) or the population (reproduction), instead of sub-organismal levels (e.g., organ, cellular, 
hormonal, or genetic effects). The rationale behind this decision was that the CBRs should reflect Hg 
exposures in the field resulting in a direct and measurable ecological response at the organism or 
population level. The same strategy was used in the search performed under the current TDF. Note that 
the EPA used a similar approach to develop the Ecological Soil Screening Levels (EcoSSLs). 

2.2 Searching the recent literature 

The literature search focused on finding Hg-response papers published between 2003 and 2008. 
The TOP0 provided several papers and references related to fish reproductive studies. Additional on-line 
searches were performed using ScienceDirect (www.sciencedirect.com) and the National Library of 
Medicine's TOXNET (toxnet.nlm.nih.gov). Different combinations of search words were used to identify an 
initial list of potential papers. One useful feature of on-line searching is the electronic linking between 
papers and/or authors covering a particular topic. These links were followed, when appropriate. Copies of 
papers were downloaded on-line, obtained via EPA's inter-library loan service, or collected from a local 
research library. The citation section of each paper was also reviewed for additional recent references. 
This body of information was read and summarized in the following subsections. 

No attempts were made to collect the numerous recent papers describing Hg tissue residues in 
field-collected samples which lacked a linkage to a specific response. However, several papers with 
promising-sounding titles fell into this category after they were read. Those Hg residue data were included 
in the database for completeness, but were not used to determine the need to recalculate the original 
CBRs presented in 2004. 

2.3 Results of the 2003-2008 literature search 

Attachment Iprovides the Hg residues in fish filletslwhole body collected under this task. 
Several recent papers linked Hg residues to behavior, reproduction, and growth in fish. An older paper 
(Weis and Weis, 1979) provided data on fin regeneration. It was included in the database even though the 
response did not readily fit in any of the endpoint categories of interest to this project. 



Attachment 2 summarizes all of the available fish reproduction data. This critical endpoint was 
selected in 2003 to develop the fish CBRs for the Nyanza SBERA. Two recent studies (Drevnick and 
Sandheinrich, 2003; Sandheinrich and Miller, 2006) described reproductive effects of Hg exposure in 
fathead minnows. Those data were combined with the two previous reproductive studies on this species. 

Updated no effect and effect CBRs for fish were obtained by a two-step process: (a) calculate the 
intra-species geometric means, and (b) calculate the final CBRs as the inter-species geometric means. 
The updated values were as follows: no effect Hg CBR = 0.38 mglkg (wet weight [ww]) and effect Hg CBR 
= 0.98 mglkg (ww). These numbers were only marginally lower than the original fish reproduction CBRs 
(0.38 mglkg ww and 1.03 mglkg ww, respectively). 

A recent review paper by Beckvar et al. (2005) provided a whole-body Hg Threshold Effect Level 
(TEL) of 0.2 mglkg (ww) protective of juvenile and adult fish. This value would be roughly equivalent to a 
Maximum Allowable Toxicant Concentration (MATC). The latter is obtained by taking the geometric mean 
of a no effect and effect value. Using the updated no effect and effect CBRs from the previous paragraph 
resulted in a MATC of 0.61 mglkg (ww), which is about three times higher than the Beckvar et al (2005) 
TEL. 

Fish CBRs in Region 1 and elsewhere are typically calculated by obtaining from the literature as 
many no effect and effect tissue residues as possible for a target contaminant. These values are then 
organized by fish species before calculating the intra-species geometric means, followed by the inter- 
species geometric means, as discussed earlier. Attachment 3 provides the available fish tissue residues 
by combining the data summarized in the 2004 technical memorandum with the new values discussed in 
the current memorandum. The no effect and effect CBRs for Hg in fish calculated using this less 
conservative approach equaled 0.47 mglkg (ww) and 1.57 mglkg (ww), respectively, resulting in a MATC 
of 0.86 mglkg (ww). 

As a last internal check, all the no effect fish residues presented in Attachment 5.2 of the January 
30, 2004 technical memorandum and those obtained under the current TDF are presented below. Note 
that it was unknown how much higher the unbounded no effect level could be. 

Minnow (unbounded): 0.017 mglkg (no effect on survival) 
Mullet (bounded): 0.10 mglkg (no effect on fin regeneration) 
Guppy (unbounded): 0.20 mglkg (no effect on survival in adult males) 
Mummichog (bounded): 0.20 mglkg (no effect on survival in adult males and females) 
Golden shiner (bounded): 0.23 mglkg (no effect on predator avoidance) 
Finescale dace (unbounded): 0.25 mglkg (no effect on growth in adults) 
Walleye (bounded): 0.25 mglkg (no effect on growth in juveniles) 
Carp (unbounded): 0.28 mglkg (no effect on survival or growth in juveniles) 
Indian catfish (effect CBR + 10): 0.28 mglkg (no effect on growth or blindness) 
Fathead minnow (bounded): 0.32 mglkg (no effect on reproduction) 
Mosquitofish (bounded): 0.40 mglkg (no effect on predator avoidance) 
Sacramento blackfish (bounded): 0.42 mglkg (no effect on growth) 
Mummichog (bounded): 0.44 mglkg (no effect on 2ndgeneration sex ratio) 
Rainbow trout (bounded): 0.47 mglkg (no effect on growth or survival) 
Grubby (unbounded): 0.51 mglkg (no effect on survival or stress in adults) 
Northern pike (effect CBR + 10): 1.25 mglkg (estimated no effect on survival) 
Rock bass (unbounded): 1.4 mglkg (no adverse effect on well-being) 
Brook trout (bounded): <3.5mglkg (no effect on reproductive success) 
Largemouth bass (unbounded): < 5.42 mglkg (no effect on condition factor or gonads) 
Goldfish (unbounded): 9.0 mglkg (no effect on survival; no signs of toxicity) 
Eel (unbounded): 15.3 mglkg (no effect on mortality) 



These data suggested that the Beckvar et al. (2005) TEL of 0.2 mglkg may be too low to use as a 
realistic CBR to predict organism or population-level effects in fish exposed under natural conditions. The 
updated fish CBRs (0.38 mglkg and 0.98 mglkg) fell between the TEL and the higher values (0.47 mglkg 
and 1.57 mglkg) obtained using the usual Region 1 approach. The updated CBRs would appear to 
represent a reasonable compromise between these two extremes. 

2.3.2 Birds 

Attachment 4 provides the new Hg residues for bird blood, eggs, and feathers collected under 
this TDF. Several studies published since 2003 have tried linking Hg tissue residues to effects in juvenile 
and adult birds exposed in the field. Attachment 5 summarizes the new no effect and effect residues by 
target tissue and species. The original bird CBRs are included at the bottom of the attachment for easy 
reference. A review of the new data resulted in the following observations: 

Blood 

The search found seven new no effect and four new effect residues for bird blood. Five of the no 
effect residues were unbounded. The lowest effect blood residue equaled 3.0 mglkg (ww), which resulted 
in reproductive failure in adult loons in the field (Evers et al., 2008). Reproductive effects in the field were 
also observed in adult female swallows with an average Hg blood level of 3.56 mglkg (ww) (Brasso and 
Crystol, 2008). 

The original blood effect CBR used in the SBERA equaled 1.25 mglkg (ww). It was based on 
neurotoxicity in loon chicks in the field. This value was between 2.5 and 3.0 times lower than the Evers et 
al. (2008) and Brasso and Crystol (2008) values. Based on the new evidence, the original blood CBR did 
not need to be modified to remain protective of birds. The original search in 2003 did not find a no effect 
blood CBR for birds. The SBERA derived a conservative no effect CBR of 0.62 mglkg (ww) by dividing the 
effect CBR by a factor of 2.0. The new evidence did not suggest that this value would be unprotective of 
birds. 

Feathers 

The review found six new no effect and two new effect residues for feathers. All of the no effect 
residues were unbounded. The lowest effect feather residue equaled 13.55 mglkg (fw), which resulted in 
reproductive effects in tree swallows exposed in the field (Brasso and Crystol, 2008). The other effect 
feather residue equaled 40 mglkg (fw), and resulted in flight feather asymmetry in field-collected birds 
(Evers et al., 2008). 

The original feather effect CBR used in the SBERA equaled 9.1 mglkg (fw) and was based on 
reproductive failure in mallards exposed in the laboratory. This value was about a third lower than the 
Brasso and Crystol(2008) value. Based on this evidence, the original feather CBR did not need to be 
modified to remain protective of birds. The original no effect feather CBR of 1.21 mglkg (fw) also did not 
need to be modified, even though the new data presented in Attachment 5 confirmed that this value was 
most likely overly conservative. 

The review found three new no effect and two new effect residues-for eggs. All the no effect 
residues were unbounded and came from field studies on tree swallows. The lowest effect egg residue 
equaled 1.3 mglkg (ww) and resulted in reduced volume in loon eggs, which could have a negative effect 
on nestling survival (Evers et al., 2003). The other effect residue equaled 2.0 mglkg (ww), which resulted 
in reduced fledgling success in American kestrel exposed in the laboratory (Albers et al., 2007). 



The original egg effect CBR used in the SBERA equaled 1.0 mglkg (ww) and 1.6 mglkg (ww) for 
embryo toxicity in all birds and tree swallows, respectively. The reason for the two separate values was 
because tree swallow embryos were somewhat less sensitive to Hg in the egg. The original egg effect 
CBR of I.0 mglkg (ww) was between 30% and two times lower than the Evers et al. (2003) and Albers et 
al. (2007) values, respectively. Based on this evidence, the original egg CBRs did not need to be modified 
to remain protective of birds. 

2.3.3 Mammals 

Attachment 6 provides the new Hg residues for mammals collected under this TDF. Only three 
studies were found linking blood Hg levels to effect, whereas no recent studies were found linking fur Hg 
levels to effect. Attachment 7 summarizes the new no effect and effect blood residues. The original 
blood and fur CBRs are included at the bottom of the attachment for easy reference. 

The review found three new no effect and one new effect residues for blood. Two of the three no 
effect residues were unbounded. The effect blood residue equaled 70 mglkg (ww), which resulted in 
muscular dysfunction in adult female rats exposed in the laboratory (Day et al., 2005). 

The mink study was directly relevant since this species was the only mammal evaluated for risk in 
the SBERA. Basu et al. (2006) exposed juvenile males in the laboratory for 89 days to methyl Hg in their 
food. The authors reported no effect on survival, behavior, growth, or food intake in the highest-exposed 
group. The average blood Hg level in those animals equaled 1.42 mglkg (ww) and represented an 
unbounded value. 

The original blood effect CBR used in the SBERA equaled 1.5 mglkg (ww) and was based on 
reproductive effects in female macaques exposed in the laboratory. This value was similar to the 
(unbounded) no effect residue for mink, indicating that the original blood effect CBR (and by definition the 
no effect CBR) did not need to be modified to remain protective of mink. 

3.0 SUMMARY AND CONCLUSIONS 

EPA requested support from ESAT to help finalize the SBERA for OU 2 (Sudbury River) at the 
Nyanza Chemical Superfund site. The support consisted of two parts: (a) participate in conference calls to 
discuss the interpretation and presentation of ecological risk by river reach, receptor, and measurement 
endpoint, and (b) obtain and review recent (2003-2008) literature to find scientific papers on Hg CBRs for 
fish, birds, and mammals, and recommend changes to the original Hg CBRs developed in 2003, if 
warranted. 

ESAT member Stan Pauwels attended three conference calls and made recommendations to 
improve the risk descriptions in the draft SBERA and to harmonize the WOE approach with current Region 
1 methods. 

The literature search uncovered a number of recent papers providing new data linking Hg tissue 
residues to effects (or lack thereof) in fish, birds, and mammals. These data were summarized in several 
tables to facilitate the interpretation. The original fish CBRs for reproduction were recalculated and became 
marginally lower as a result. None of the original bird or mammal CBRs needed to be changed in view of 
the new information. 
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Attachment 1: New articles on mercury tissue residues in muscle or whole fish and their potential effects on fish 

r Test species I Starting Life Chemical 1 Exposure Route I Test Duration Tissue Analyzed ' Tissue Residue I Response 1 Reference Comment 

me.k-omT.aabieella" .a-FTi. ".rel.rhe 

were discussed in the last paragraph of tt 

.... . -- .............. 

ration data came from Table Iand Figure 1.The 

Fatheadrn~nnow juvenile MeHg ' M e ~ gadded to about 250 days whole bod; 0 071 mglkg (ww) no effect on spawntng 'Drevntck & the tissue res~due 8 spzwrng data came from Tab lZThe  
(Prmephales promelas ) rd~et success (control fish) Sandhelnnch, restdue value was the average for males (females = 0 079 mglkg 

I 2003 W)I
.- .- -.. - --- - - - -
Fathead minnow 10.864 mglkg (ww)ldecr&ed spawnlng revn nick & The tissue residue &spawning data came from Table 2. The-

~(Pimephales promelas) I l s ~ ~ ~ e ~ Sandhe~nrich, restdue value was the average for males (females = 0.917I 12003 mglkg w). 
0 068 mglkg (ww) no effect on siawntng i~aidhe~nrtcha, ITheGGe Z c G e  and soGnt& citTcame f roc~able? f"-z1", . < Y L I  L. 

success (conlrol fish) Mtller, 2006 /"present study" total Hg values were wet wetght, not dry wetght as 
per an e-mall from Sandelnnch) 

- - >  

& The tlssue residue and sGwnrGdata camefromTable 2 '0.714 mglkg (ww)lsignificant reductiohin- -~andhe~nrrch 
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Attachment 2: Available fish reproductive studies to derive no effect and effect Hg CBRs 

No Effect Whole Effect whole body 
Body Residues residues (mglkg, 

Species (mglkg, ww) ww) Comment Reference 
fathead minnow 0.096 0.68 used to derive original CBR; no effect residue = control Hammerschmidt et al., 2002 

0.32 1.36 used to derive original CBR; no effect residue = control Snarski and Olson, 1982 
0.068 0.71 4 new reference: no effect residue = control Isandheinrich and Miller. 2006 11 
0.071 0.864 new reference; no effect residue = control l~revnickand Sandheinrich, 2003 

species geo mean 0.32 0.87 "control" residues excluded from calculation 

mummochog 0.44 I. I  used to derive oriainal CBR 1 ~ a t t aet at.. 2001 
species geo mean 0.44 1.1 only one study available for this species 

lloriainal CBRs 
updated CBRs 

I' ' I 0.38 
0.38 

I 
1 

I.03 
0.98 

These values represent the geometric means of the species-specific geometric means 
'1 

The full citations are provided in the reference section of the technical memorandum for TDF No. 1162; the pre-2003 citations are provided below: 
Note: bolded entries indicate "effect" tissue residues 



Attachment 3: Alternative fish CBRs (endpoints combined) using all available data 

No Effect Effect Residue 
Species Lifestage Endpoint Residue Level Level Reference 

biped mullet , juvenile fin regeneration after amputation Weis and Weis, 1978 
specks geometric mean 

olden shiner juvenile predator avoidance Webber and Haines, 2003 
species geometric mean 

dlantic salmon parr post-feeding activity Berntssen et al. 2003 
species geometric mean 

acramento blackfish juvenile growth Houck and Cech, 2004 
species geometric mean 

~ummichog adult mortality in males Matta et al., 2001 
adut impaired sex ratio in offspring Matta et al., 2001 

species geometric mean 

thea ad minnow adult spawning success Hammerschmidt et al., 2002 
reproductive inhibition Snarski and Olson, 1982 
reproductive inhibition Sandheinrich and Miller, 2006 
reproductive inhibition Drevnick and Sandheinrich. 2003 
species geometric mean 

iosquitofish predator avoidance Kania and O'Hara. 1974 
species geometric mean 

alleye juvenile growth Friedman et al., 1996 
species geometric mean 

dian caffish growth; blindness Panigrahi and Misra, 1978 
species geometric mean 

-ook trout mortality; growth; hatchability McKim et al., 1976 
species geometric mean 

tinbow trout SLrbadull growth Boudou and Ribeyre, 1985 (no effect); 
Rodgers and Beamish, 1982 (effect) 

species geometric mean 

xthern pike mortality Miettinen et al.. 1970 
species geometric mean 

INTER-SPECIES GEO MEAN 0.47 1.57 
lte: all units are in rnglkg (ww); "unbounded" no effect CBRs were not included in this table 
lata from control fish; not used in the calculations 

Note: bolded entries indicate "effect" tissue residues 
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Attachment 4: New articles on Hg tissue residues in blood, feathers, and eggs and their potential effect on birds 

Test species Starting Life 
Stage ' 

Chemical 
Tested 

I Exposure Route 
' & Conc. 

Test Duration 1 

1 

Tissue 
Analyzed 

Tissue Residue 
~ e v e l  I 

Response 1 
1 

Reference i Comment 

I 
I 

BLOOD MERCURY RESIDUES IN BIRDS f 
I 

I 
0 38 mgfkg (ww) , geometrfc mean from 64 

! 

Tsao et a1 ,2008 

i 

I - - _-
'The value came from the "Methylmercury I; blood subsechon of 

, brds lthe Results sectton 

(Agelaius phoeniceus) 
I 023mglkg (G)1 anthmetlc mean of 63 

l blood samples 

-
Tstpoura eta1,2008 

-1 - _ -
The value came from Table 1 

- -

-
I 035mgkg (ww) anthmehc mean of 38 - Tnpoura et a1 ,2008 IT& %I 

tree swallow 
blo_od samples- --

I 019mg/kg (ww)ianthmettc mean of 14 
I -
I ~ s ~ ~ o u r ~ e ta1 ,2008 i~h; value came from able 1 

- -

(Tachycineta blcolw) ---..- blood samples 
Bicknell's thrush I 094 rgfky(ww)~ anthmettc mean of% 

Iblood samples 
I Rlmmer et a12005 i ~ h evalue camefrom ~ a b l e 2  It perta& only toiirds fr& 
I mountatn top In VT More data provlded In Table 1 

one 

I 055mgikg (ww) anthmebc mean of 10 '~trnmeri t  a1 2005- ~heva lu icamefrom ~ a b l e 2 l t ~ r t a r n s o ; I j y t o b r ~ m % > e  
blood samples mountaln top ~n VT More data provlded ~n Table 1 

(Dendroica coronata ) 
I091 mgikg (w)ar~thmettcmean of 13

/ blood samples - . . ........... " 

Rtmmer et a1 2005 
I~-+..r ---I 

The value came from Table 2 It pertalns only to blrds from one 
/mountain top in VT. More data provided in Table 1. 

..." 
white-throated sparrow 1.062mgkg (ww) jarithmetic mean of 12 ~Rlrnmeret al., 2005 ~Thevalue came from Table 2. It pertains only to birds from one 
(Zonotrichia albico/lis) /blood samples 1 mountatn top ~n VT More data prov~ded tn Table 1 

---.- - ...-- .- - .. . .-.. . .. .-... 
F e M S T D I E S ASSOCIALED WITH EFFEfTS MEASUREMENTS 

-- . .- I 1 
tree swallow 0 17 mglkg?-)-noeffect on egg-&e or # l ~ r i s ~& ~ n s t s  /The value came from the 1st paragraphofthe~esults secti%on~ 
(Tachycineta bicolor) of fledglmgs 2008 I 136 It represents the mean Hg blood level tn background females 

I 

tree swallow 
~ 

3.56mglkg (ww) smaller eggs; fewer ,Brasso & Cristol, he value came from the 1st paragraph of the Results sectcor 
(Tachycineta bicolor) fledglings 

- - -

2008 
1 
I _ 

on p. 136;Figs. 4 & 5provided data on egg volume and # of 

' - --- -- - -fledglings produced, respectively. 

0 57 mgikg(ww) :no effect on body cond~tto<l ~&ih eta1 ,2006 The vaiie &me from able? The effects wereobtGned from the 

6 7mgkg (ww) 

'wetght, behav~or, 1 reproducttve success or 1 
/ producbv~ty,_ - -_  I - -
j no effect on body condmon,lWeech et a! 

last sentence tn the abstract 

- -1 
2006 The value came G m  Table ?-The effects were obtGnG~ from the 

Iwelght, behawor, I jlast sentence ~n the abstract 
reproduct~vesuccess or 

1 producbv~ty 
I 

-

I 
I 

- -

.... - -
common loon 
(Gavia immer) lapplicable ! 

ural diet 3.0mglkg (ww) ,threshold effect conc. for ;Evers et al., 2008 
reproductive failure I 

-1~he value came from Tab=. 
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I(Gavia immer) 
3 33 milkg (ww) 'no overt slgns of tox~cos~s, I ~enowet al ,2003 

lor effects on growth, or 
/food consumpbon 
I 
- - -

4.3mglkg (ww) estimated 50% drop i n  Burgess & Meyer, 

-
'Value was the mean blood level In the h~ghest-dosed group after 5 
,weeks of exposure Thts value, and the descnphon of lack of 
effects, came from the 1st and 2nd paragraps in the Dlscuss~on 1 sectton on p 179- -- - - - - - - -
The value came from Fig. 3a. It was also described In the nex 

'loon productivtty 2008 t o  last sentence ofthe Results section on p. 87. 
I 
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Attachment 4: New articles on Hg tissue residues in blood, feathers, and eggs and their potential effect on birds 

Tissue Residue / Response 
I 

Reference , Comment 
Level I I 

-- - - --- - - - - - 1  --__ - - - -- -- -- -
;ommon loon atural d~et not appltcable Iwhole blood 0 1-1 1 mglkg lno effect on chicksu~ival Memll et a1 ,2005 /The values came from Figure 2 B and were estimated min 8max 
Gavra rmmer ) ( w )  1 i jHg levels in chtck blood samples collected from acidic lakes 

! 

1 ,(pH<7 0) The descnpt~on on the lack of effect associated wth Hg 

I I 
I 

I in blood came from the Discussion secbon on p 63 and 64 
I 

G a t  egEi  -
:Ardea alba ) 

Treat egret 
:Ardea alba ) 

--_I---I
10 3 mgik; ( w )  no leg weakness or I offm man eta1 ,2005 / paralysis , 
78.5 mgkg (wwi]leg weakness and 

-
' ~ i i y a l z & & e  fromTable 1 (note the abstract rep$ezths va< 
/as 10 3 ppm) The effect descnphon came from the 1st ~ a r a ~ r a ~ h  

s section on p 3079 
amefrom T Z G  1 (note: theabstr% r so r ted  this 

/value as 78.5 ppm). The effect description came from the 1st 
paragraph of the Results section on p. 3079. 

I 

FEATHER MERCURY RESIDUES IN BIRDS 

- I - - -
6 94 mg/kg (dw) geometric mean from i27 

birds 
Tsao et a1 ,2008 ~Thevalue came from the "Mercury In ~ e ~ h e r ~ s u b s & t &  ofthe 

IResults1 section 

3 826 mg/kTdw) ar i tGGc meanof 29 
lfeathers 

3 23 mgikg (dw) arithmetic mean of 15 

ktpoura et a ~ 2 0 0 8  The v a ~ u e ~ a m e ~ o m  ~ % e l-
I _ - _  I 
,Tstpoura et at. 2008 The v a l u c c ~ ~ e  f 

-

feathers I I 

2 04 mg/kg (dw) anthmehc mean of 5 JTstpoura et al ,2008 ITGV~IU~came from able 1 
Tachycineta bicolw) 
3icknell's 
'Catharus bickneli . ...-..-. 

'feathersI - - - -
3 699 mgkg (dw) lanthrnetic mean of38 

ifeathers 

-
Rimmer et al 

I -
2 0 0 5  [ ~ h e  value came from Table 2 It Dertalns onlv to birds from o n e  

/mountain top in W More data provided ~n able 1-
ilackpoll warbler 
Dendroica striata) ...,. .-.. .. 

3397 mglkg (dw) 'anthmei;d m i i n  o f 5  
I feathers-

Rimmer et al 
I 

2005 The value came from Table 2 It to b r z r o m  one 
Imountatn top in W More data provided ~n Table 1 

( e l l ~ ~ - ~ m p e dwarbler 
Dendrorca cwonafa ) 

-

1599 m z (dw) lanthmetic mean of 4 
feathers 

I~ imrnGeta172005 [The value i % e f r o m i ~ b % ~ l t  pert<ins%Ty to hrdshom one 

white-throated sparrow ad cab1 $<able feathers 
'mountain top In W More data provided in Table 1 

;FROM STUDIES ASSOCIATED WITH EFFECTS MEASUREMENTS 

1 0 - 3 0 mykg 'k<ffect on wetght at i~ongcoreet 2,2667 ,Values c i i e  from Fig 2 They represent min-%ax of 6~~In 

"- - ..-
(dw) !fledging (11-16 days after 

Ihatch) 
- - -

nestling feathers at two locations over 2 years 

ree swallow 
Tachycineta bicolor) 

2 34 G l k g  (ww) Ino effect on egg size or # 
(in control Iof fledglings 

o 8 Cnstol. ,Mean feather Hg c o n c n  &ferenzbF& 
of Results section on p 136 

provkiedh%t paragrap 

-.--
ree swall 
Tachycineta bicolor) 

-
Wencan avocet - chick 

I - - -
jnot applicable natural diet 

- - - - -
not applicable ~feathec---

.. .i ---I 
2.81 mglkg (fw) ino detectable reduction in 

__.. !...--..-.I..---- - .." 
,Ackerman et al., ]Thevalue came from the last paragraph of the "Hg conc. in chicks 

'Recurvtrostra I /suwival /2008a lsection of the Results section on D. 110. Effect on survival came 
smerrcana) 
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Attachment 4: New articles on Hg tissue residues in blood, feathers, and eggs and their potential effect on birds 

Test species 1 Starting Life 1 Chemical Exposure Route Test Duration Tissue rissue Residue Response 1 Reference , Comment 
I Stage , Tested & ~ o n c .  I Analyzed Level I I 

I I 

- I I - - - I ,---
black-necked stilt Ichick not appltcabk natural get Inot appllca 5 51 mglkg (iw) nodetiitable reducbon In ,Ackerman et al , Thevalue came f i m  t h ~ l a ~ r a g r a p h < ~ t h e ' ~ g  In chicks' &nc 
(Htmanlopus mex~canus ) I survlval 12008a sectlon of h e  Results section on p 110 Effect on surv~val cameI - - - fromFlg 40np 112 

I I 
-- - 1  _ -- - - - - - --- - ---

2 ,lfledgling Inot appltcablena~aldi$ not appllcable feathers 6 44 mg ikg (z )  lno effect on po%fled$g I ~ c k G n e t  
ISUWIV~I 12OO8b 

- L - - - - - 1 - _ _ - - - -
ers 18 mg/kg (ww) [no effect on body condlhon, IWeech et al ,2006 Thevalue camefrom Table 1 The effects were obtatned from the 

Iwetght. behav~or. last sentence ~n the abstract 
lreproductlve success or 
Iproductcvity 

40 mgkg (ww) no effect on body condlbon, ~ e e c h e t a ~ ;  2006 - The value camefrom c able 1 The effectswereobtatned from the 
Iwetght,behavior, I last sentence ~n the abstract 
reproductive success or 

Iproduct~vity 

I 
40 mglkg (fw) f l~~ht featherassymmetrylEvers et al., 2008 The value came from fable 2. 

I 

I meng (v&'rn;an ;om 6 ~~s collected1~raune et i i i ,  2 0 0 6  The i a i i e  cametmm TZI; 2 tt ;a; Gnverted t;iiGelght by 
from the Canad~an Arctlc ,assumtng a 76% motsture content In eggs 

1 
~ 

pplicable 162 mg/kg (ww) 1 mean from 15 eggs IBraune et a c  2006 The value came from T; 
(Larus hyperboreus) collected from the lassuming a 76% molsture content In eggs 

1 Canadtan Archc I --- -- ---
i 2 0  mgkg (ww) mean fGml2  eggs Braune et al .?W6 iThe vaiGe came from Table 2 It was converted to wet welght by 

collected from h e  
I
assuming a 76% molsture content In eggs 

- -CanadIan Archc 
a1 ,2006 I The va i i~amef f rom Table 2 f i a s  converted to wetweight by 3 36 mglkg (ww) geometnc mean from 2 ~ raunce t  

batches of eggs collected assumtng a 76% mo~sture content In eggs 
from the Canadtan Arctlc 

3% m G g  (ww) geometric mean from 3 - Braune et a c  2006 - Theialue came from Table2lt  was cooierted to wet we~ght by 
batches of eggs collected assumlng a 76% molsture content ~n eggs 
from the Canadtan Arcbc 

3 20 mgkg(&) I g ~ m e b l c  a1 ,2006 The valuecame from Table mean from 2 l~rauneet  
batches of eggs collected I assumlng a 76% molshire content ~n eggs 
;from the Canadlan Archc I 

I 048mglkg (v.%)lanthmet~c mean of 35eggs ,TsYpoura eta1 ,2008 ihevaiue came from Table 1 
I 

1 197 mglkg (ww) anthmetlc mean of 31 eggs l~stpoura et al , 2 0 0 8  The value came from Table 1 
II 

70M STUDIES ASSOCIA TED WITH EFFECTS MEASUREMENTS 
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Attachment 4: New articles on Hg tissue residues in blood, feathers, and eggs and their potential effect on birds 

Test species Starting Life I Chemical I Exposure Route ; Test Duration Tissue i Tissue Residue I Response Reference 1 Comment 
Stage Tested BConc. , Analyzed Level 

J -
uGer eta1 ,2008 ;The value c&efrom Table a n d  the hatching &%&?data from 

-
Table 9 

uster et al ,2007 l~he ia iuescame from able 3&d are themin &d ;ax of 9 
lgeometnc means (3 exposure locations X 3 sampling years) The 
effects were descnbed in "Reproduchve Success" on p 342 

I 
~ ~ -.....-.-.. .-....... 

056 mglkg (ww) no effect on egg survival, ~ u s g r e tal ,2006 ,The value came from ~ a b l e  ~ L a n d sthe geo mean of four annual 
(Tachycineta bicolor) hatching success, or (1998-2001) geo means The effects are descnbed In the 

nestling surv~val discussion section on p 263-264 The ong~nal residue values were 
/converted from dw to ww by multiplying by 0 24 (76% moisture) 

~ - -

) ,mean conc. in control eggs lby&etil , 2007 i c e  value came from ~ Z b l e 6  

lbers-et al., 2 0 6  jfhe v i u e  came from Table 6 and the effects data from ~ a b l i  

I 3. 
I- -- ..- -.. - --- - -- - - - - - -- - -- -

educed egg volume vers et al. (2003) - ]The value came tiom Table 2. 
rs reported in 1 

- _- - - - _ 

Il ~ o t e :bolded entries indicate "effect" tissue residues 

a ' - 2 0 0 8 r  ?!v * e  



Attachment 5: Summary of recent no effect and effect Hg residues in bird blood, feathers, and eggs 

Blood (mglkg ww) Feather (mglkg fw) Eggs (mglkg ww) 
'40 Effect Effect No gffect Effect 

Endpoint Reference Residue Residue Endpoint Reference Residue Residue Endpoint Reference 
American hatchling field 2.81 - 28-d survival Ackerman et 
a\mrot NO NEW DATA probabilities a!., 2008a NO NEW DATA 

5.51 - 28-d survival Ackerman et NO NEW DATA NO NEW DATA 
probab~lities al., 2008a 

- .  0.33 - post-fledinq Ackerman et 6.44 - post-fleding . Ackerman et 
NO NEW DATA survival al.. 2008b survival al., 2008b 

eagle inestliw I field ! 0 57 - productivity Weech et al.. 18.0 - productivity Weech et al.. 
NO NEW DATA 2006 2006 

I/baldeagle I II 
NO NEW DATA NO NEW DATA O ' ~ ~ ~ , " n ~ k -2.0 reduced fledging et 

ladult -- condition. Weech et al., 40.0 -- condition, Weech et al., 
6 i  behavior, 2006 behavior, 2006 NO NEW DATA 

reproduction reproduction 
chick survival Merril et al.. 

NO NEW DATA NO NEW DATA 
chick growth, survival, Kenow et al.. 

behavior 2003 
3.00 reproductive failure Evers et al., 40.0 flight feather Evers et ai., - 1.3 reduced egg Evers et al., 

asymmetry 2008 volume 2003 

NO NEW DATA NO NEW DATA productivity Meyer, 2008 

NO NEW DATA 1.0 - 3.0 -- weight at age 10- Longcore et a1 NO NEW DATA 
16 d 2007 

adult 0.17 (back- 3.56 reproductive Brasso and - 13.55 reproductive Brasso and Custer et ai., -- hatching qnnofemale ground) effects Crystol, 2008 effects Crystol, 2008 0.049 

field 
0.026-0.053 - hatching; nestling Custer et al., 

survival 2007NO NEW DATA NO NEW DATA 
- hatching; nestling Custer et al., 

0.056 
survival 2006L 


great egrets nestling lab 10.3 78.50 paralysis Hoffman et al. 
NO NEW DATA NO NEW DATA 2005 

ORIGINAL BIRD CBRs 0.62 1.25 neurotoxicity in Nocera and 1.21 (tree 9.1 productivity in Heinz, 1979 0.50 1.0 embryo toxicity Thompson, 199 
loon chicks Taylor, 1998 ;wallows; mallards (all birds) 

%ward & 

I I I I 
St Louis, 0.80 1.6 embryo toxicity Heinz 2003 

2001) (tree swallows) 

Note: bolded entries indicate "effect" tissue residues 
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Attachment 6: New articles on Hg tissue residues in blood and fur and their potential effects on mammals 

Test specles I Starting Ltfe Chemical 1 Exposure Route1 Test Ttssue I Tissue Residue 1 Response I Reference I Comment 
1 Stage Tested I & Conc. / Duration Analyzed I Level I I I 

BLOOD MERCURY RESIDUES IN MAMMALS FROM STUDIES NOTASSOCIATED WITH EFFECTSMEASUREMENTS 

i h g - & a n i t s  - - adult female MeHg 
J-- _ 

- dnnk~ngwater, 0, 30 months 
40, and 400 

I - -
whole blood / 10 mglkg (ww) 

I 

-
no effect on forel~mbgnp 

Lt ingth, runningwheei 
-D$ et a1 ,=The value came fromflg 6 (see also ~bsbact)~heefffectscame 

/fromTable 1, Ftg 2, Fig 4, and Flg 5 

nce, and htnd l~mb II 

- -
grtp IDay et al., 2005 The value came from Ftg. 6 (see also ~bstract).Theeffecii 

came from Table I,Ftg. 2, Fig. 4, and Fig 5. 

I 
-

I I - -
istar male MeHg fish-meal %et w;eks whole blood '34 7 mglkg<%) -' io&fect onmort&, ie lght - Berntssen et 2,IT% v z came from ~ a b l e z T h eeffects came from Sectton 3 1 

,(control,145, galn, or feed~ngbehavior 12004 onp 1362 
I and 2 61 mgkg) 

I 

-...... . ...............- - -...........-
alue came from Table 1. The effects came from the 1st 

aragraph of the Results section on p. 204. 

_-i. .. .- 1 i. . 

ver otter (Lontra cana 13.4,6.4, and 7.05 geometric means for otter?. 
)mgkg(w) collected from three regioris in 

W I  

IStrom, 2008 
1 
i 

/Thevalues came from Table 1. 

I 



Attachment 7: Summary of recent no effect and effect Hg residues in mammal blood and fur 

Species 
Long-Evans 

I Lifestage 
ladult female 

I 
I 

Location 11 Residue 
lab I0 1.O 

Exposure 
1
I No Effect 

Residue Endpoint 
5 

Blood (mglkg ww) 
Effect 

Reference 11 
1 

ll 
1) 

Residue 
NoEffect 

Residue Endpoint 

Fur (mglkg fw) 
Effect 

Reference 

I I 11 performance; hind limb 11 NO NEW DATA 11 

feedin behav~or 
survival; behavior; food Basu et at., 

2006 
NO NEW DATA 

ORIGINAL MAMMAL CBRs 1.0 1.5 drop ln vlable del~ver~es Burbacher et 1.3 7.8 swimming abilit~es; Burton et at., 
in macaques al., 1988 stress tolerance 1977 

ll II I I  
Note: bolded entries indicate "effect" tissue residues 
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       October  31,  2006  

Office of Environmental Measurement and Evaluation 
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11 Technology Drive 

North Chelmsford, Massachusetts 01863-2431 


To: Mr. Bart Hoskins, EPA TOPO 

Via: Mr. Louis Macri, ESAT Program Manager 


TDF No. 402 

Task Order No. 06 

Task No. 01 


Subject: Ecological Risk Assessment Technical Support for the Nyanza Chemical Superfund Site, 
Ashland, MA. Interim Deliverable. 

Dear Mr. Hoskins: 

The Environmental Services Assistance Team (ESAT) provided the following ecological risk 
assessment technical support for the Nyanza Chemical Superfund Site, located in Ashland, MA: 

x	 Summarize the key studies and endpoints that supported the Critical Body Residues (CBRs) and 
Toxicity Reference Values (TRVs) for mercury (Hg) developed under previous Technical Direction 
Forms (TDFs). 

x	 Determine if separate CBRs and/or TRVs for Hg could be developed for song birds versus 
aquatic birds. 

x	 Compare the Hg CBRs and TRVs used in the BioDiversity Research Institute (BRI) data 
summary reports with those developed by ESAT.  If necessary, get the references cited by BRI 
which were not obtained when ESAT developed its Hg CBRs and TRVs. 

x Prepare technical comments on the BRI reports. 

x Participate in up to three conference calls in which all of the review comments on the BRI reports 
will be discussed with BRI. 

This interim deliverable addresses the first two items in the list.  The task was requested by Mr. 
Hoskins, the Task Order Project Officer (TOPO), and was authorized under Technical Direction Form 
(TDF) No. 403. The final completion date for this task is November 9, 2006. 

Do not hesitate to contact Stan Pauwels at (617) 918-8669 at the EPA/OEME Biology Section, 
North Chelmsford, MA, should you have any questions or comments.   
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        Stan  Pauwels
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        TechLaw,  Inc.  
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1.0 GENERAL INTRODUCTION

The Environmental Protection Agency (EPA) issued Technical Direction Form (TDF) No. 402 on 
October 18, 2006.  The TDF requested that the Environmental Services Assistance Team (ESAT) provide 
the following ecological risk assessment technical support for the Nyanza Chemical Superfund Site (the 
Site), located in Ashland, MA: 

x Summarize the key studies and endpoints that supported the Critical Body Residues (CBRs) and 
Toxicity Reference Values (TRVs) for mercury (Hg) developed under previous Technical Direction 
Forms (TDFs). 

x Determine if separate CBRs and/or TRVs for Hg could be developed for song birds versus 
aquatic birds. 

x Compare the Hg CBRs and TRVs used in the BioDiversity Research Institute (BRI) data 
summary reports with those developed by ESAT.  If necessary, get the references cited by BRI 
which were not obtained when ESAT developed its Hg CBRs and TRVs. 

x Prepare technical comments on the BRI tissue residue summary reports. 

x Participate in up to three conference calls in which all of the review comments on the BRI reports 
will be discussed with BRI. 

This interim deliverable addresses the first two items in the list. 

The Site was occupied from 1917 through 1978 by several companies which manufactured textile 
dye intermediates, colloidal solids, and acrylic polymers.  Over the decades, large volumes of chemical 
wastes (e.g., partially-treated process water, chemical sludges, solid process wastes, solvent recovery 
distillation residue, various chemicals, and off-specification products) were disposed of in pits, below-
ground containment structures, and lagoons scattered throughout the Site.  Hg was one of the 
compounds used as a catalyst to produce textile dyes.  Between 1940 and 1970, it is estimated that 45 to 
57 metric tons of Hg were released from the Site into the nearby Sudbury River. 

Regulatory concerns at the Site started in 1972.  EPA placed the Site on the National Priorities 
List (NPL) in 1982.  Site investigations have been on-going since that time.  These studies determined 
that large sections of the Sudbury River between the Site and its confluence with the Assabet River 
(about 26 miles) were contaminated with Hg at levels of concern to ecological receptors and human 
health. This conclusion resulted in additional field work starting in 2003 to better quantify the potential for 
ecological risk to aquatic, semi-aquatic, and terrestrial receptors. 

In 2003 and 2004, EPA requested that ESAT perform an in-depth literature review to develop 
CBRs and TRVs for Hg in fish, birds, and mammals (TDFs No. 870 B, 1208 B, and 1284).  The CBRs for 
fish included exposures to both inorganic and organic Hg because no differences in response were found 
between the two compounds.  However, all of the CBRs and TRVs for birds and mammals were for 
organic Hg only.   

This technical memorandum is organized as follows: Section 2.0 summarizes the key studies and 
endpoints that were used to derive CBRs for Hg in fish, birds, and mammals; Section 3.0 summarizes the 
key studies and endpoints that were used to derive TRVs for Hg in birds and mammals; Section 4.0 
determines if enough data are available to support deriving Hg CBRs and TRVs for song and swamp 
birds; Section 5.0 provides a summary and conclusion; and Section 6.0 provides the references 
mentioned in this technical memorandum. 
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2.0 DERIVING NO EFFECT AND EFFECT CBRs 

2.1 Introduction

A CBR represents the concentration of a chemical measured in tissue at which a particular 
toxicological response is not expected (a no effect CBR) or is expected (an effect CBR) in organisms 
exposed to that chemical.  The toxicological responses of concern to a Baseline Ecological Risk 
Assessment (BERA) typically consist of mortality, growth, and reproduction.  Neurotoxicity was included 
in the original literature review because Hg is a potent neurotoxin.  

The types of tissues collected from test organisms for residue analysis vary depending on the 
study design, the species, and the target chemical, among others.  The focus was placed on: (a) whole 
fish/fillets, (b) blood, feathers, and several internal organs in birds, and (c) blood and fur in mammals, 
based on input received from the TOPO at the time of the literature reviews. 

The inherent limitations of data collected from the published literature makes it challenging to 
develop CBRs targeted to a specific wildlife receptor.  Different studies using the same chemical on the 
same species do not generate the same CBRs.  Other variables affect the end results, such as the life 
stage tested, the gender, the length of exposure, or the exposure route.  Generic CBRs for use in a BERA 
must be conservative enough to protect even the most sensitive receptor groups and life stages that may 
be exposed to the target chemical in the wild.  A CBR calculated for a targeted wildlife receptor using 
experimental data from that specific species would automatically replace the generic CBRs.   

The generic CBRs discussed below are unlikely to overestimate risk from exposure to Hg 
because they were derived using a highly reductive approach, which resulted in conservative numbers. 
The selection process proceeded as follows: 

x All of the no effect and effect tissue residue values obtained from the literature were organized by 
species and tissue type. 

x The lowest within-species no effect and effect values were identified for each tissue type  

x The lowest inter-species no effect and effect values for each tissue type were typically used to 
calculate the generic CBRs. 

Two exceptions occurred to this general approach: the ESAT-derived effect CBR for Hg in bird 
th

eggs was based on the 10  percentile of the effects data from the egg injection study by Heinz (2003), 
whereas the fish CBRs were calculated based on adult tissue residue data measured in several fish 
reproduction studies. 

Table 1 summarizes the generic no effect and effect CBRs for Hg developed by ESAT under 
previous TDFs.  The text that follows summarizes the available data and the rationale behind each value. 
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Table 1: Tissue-specific no effect and effect CBRs for Hg in fish, birds and mammals  

Receptor 
Group Tissue Type Target species 

Generic CBR for Hg (mg/kg, ww) 

No Effect CBR Effect CBR 

FISH whole body/muscle generic 0.38 1.03 

BIRDS eggs generic
a 

not available 0.22 

generic
b 

0.5 1.0 

tree swallow 
c 

0.8 1.6 

blood generic not available 1.25 

feathers generic not available 9.1 

tree swallow 
d 

1.2 not available 

brain generic 0.4 2.0 

liver generic 1.8 6.5 

kidney generic 1.8 5.0 

muscle (non-cardiac) generic 0.6 2.6 

heart generic 1.1 2.9 

MAMMAL 
blood generic 1.0 1.5 

mink
e 

0.63 1.5 

fur generic 1.3 7.8 

mink
f 

7.7 19.0 
a th
Derived by ESAT using the 10 percentile of the “effect” egg residue data in Heinz (2003). The result was multiplied by a factor of 

2.0 to account for differences in sensitivity between Hg injected in eggs vs. Hg deposited by the female during egg production (see 
§2.3.1 below). 
b
 As reported by Thompson (1996). 
 Based on a tree swallow egg injection study (Heinz, 2003). The values shown were adjusted by multiplying the original no effect 

and effect CBRs by a factor of 2.0 to account for differences in sensitivity between Hg injected in eggs vs. Hg deposited by the 
female during egg production. These values can also be used for song birds. 
d
 As reported by Gerard and St. Louis (2001). This value can also be used for song birds. 

e
 Blood Hg levels up to 0.63 mg/kg in mink did not result in brain Hg levels known to cause toxicity (Wolfe and Norman, 1998). This 

value provided a conservative no effect level for Hg in mink blood. A mink-specific effect CBR for blood was not available. The 
generic value is proposed instead.  
f
 As reported by Halbrook et al. (1997). 

2.2 Fish

Figure 1 presents the most conservative residue data for a wide range of fish species and 
responses.  Reproduction is the endpoint of greatest concern for the long-term survival of fish populations 
in the wild. The CBR calculations focused only on studies which quantified reproductive impairment 
based on tissue Hg levels in parent fish.  

Four, long-term, reproductive studies using three fish species fell into this category (see 
Attachment 1). The studies are by Hammerschmidt et al., 2002 (fathead minnows exposed to organic 
Hg in diet), Snarski and Olson, 1982 (fathead minnows exposed to inorganic Hg in water), Matta et al., 
2001 (mummichogs exposed to organic Hg in diet) and McKim et al., 1976 (multi-generational test using 
brook trout exposed to organic Hg in water).  Of those three species, reproduction in brook trout appeared 
to be up to one order of magnitude less sensitive to Hg than the other two species.  It was decided to omit 
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the brook trout data and focus on the two remaining species in order to keep the assessment 
conservative. 

The geometric mean was calculated for the no effect whole body Hg concentrations reported by 
Snarski and Olson (1982) and Matta et al. (2001) to derive a no effect CBR for reproduction in fish. This 
value equals 0.38 mg/kg wet weight (WW).  The no effect concentration for fathead minnows reported by 
Hammerschmidt et al. (2002) was excluded from this calculation because this value represented the Hg 
levels in their control fish.  

A geometric mean was calculated for the effect whole body Hg concentrations reported for the 
two fathead minnow studies by Snarski and Olson (1982) and Hammerschmidt et al. (2002).  This value 
equaled 0.96 mg/kg.  The final effect CBR for reproduction in fish, calculated as the geometric mean of 
the fathead minnow and mummichog effects values, equaled 1.03 mg Hg/kg (WW).  

In summary, the generic no effect and effect CBRs to protect fish from reproductive impairment 
due to Hg exposure were equal to 0.38 and 1.03 mg Hg/kg (WW), respectively.  Based on these 
thresholds, long-term population-level risk to fish can be assumed to be negligible if Hg in whole 
fish/muscles remains below the no effect CBR.  A potential for population-level risk exists if Hg in whole 
fish/muscles exceeds the effect CBR.        

2.3 Birds

The tissue residue data on blood, feathers, and target bird organs (brain, liver, kidney, muscle, 
and heart) were combined across age groups (pre-fledged and post-fledged) to increase the size of the 
data set available to derive CBRs.  The most conservative of the two sets of values were selected when 
data were available for both pre-fledged and post-fledged birds of the same species.  This approach 
ensured that the tissue residue data for the most-sensitive life stage was always used to derive species-
specific CBRs.  Also, all of the bird studies used to derive CBRs were based on exposure to organic Hg.   

2.3.1 Bird eggs 

Figure 2 presents the most conservative no effect and effect concentrations for Hg in eggs from 
24 bird species.  The most sensitive species was the chicken which showed higher mortality in embryos 
exposed to 0.05 mg Hg/kg during development.  Mortality increased significantly in embryos from five 
more bird species exposed to <0.5 mg Hg/kg during development.  All of these data were generated by 
Heinz (2003) based on injecting methylmercury (MeHg) directly in eggs in the laboratory.  The literature 
review indicated that 1.39 mg/kg in common loons was the lowest mean Hg concentration in field-
collected eggs resulting in impaired reproduction (Nocera and Taylor, 1998).  This value is up to one 
order of magnitude higher than the effect concentrations for the most sensitive bird species reported by 
Heinz (2003). 

A review paper suggested a no effect and effect CBR for Hg in bird eggs of 0.5 and 1.0 mg 
Hg/kg, respectively (Thompson, 1996).  The data from Heinz (2003) indicated that these threshold values 
may need to be adjusted downward to protect sensitive bird species.  A key assumption would be that the 

rd
toxic effect of MeHg injected in eggs on the 3  day of embryonic development has the same potency as 
organic Hg deposited into the egg by the female during egg production.  The threshold of effect for Hg in 
the egg injection studies is believed to be at least two times lower than what can be expected from Hg 
deposited by the female in her eggs (Heinz, personal communication). 

th
The effects data by Heinz (2003) in Figure 2 were used to calculate the 10  percentile of the 

distribution to derive a generic effect CBR for Hg in bird eggs.  This value equaled 0.11 mg Hg/kg.  Given 
th

the robustness of the database for bird eggs, the 10 percentile value could be selected as a generic 
effect CBR, unless residue data specific to a particular bird receptor are available.  This approach could 
not be used to derive a no effect CBR for Hg in bird eggs.  

4




The generic effect CBR for Hg in bird eggs derived from the Heinz (2003) data is most likely too 
low. It seems appropriate to multiply this value by a correction factor of 2.0 to account for the differences 
in sensitivity between Hg injected in the egg versus deposited by the female during egg production.  Even 
then, the adjusted generic effect CBR (0.22 mg Hg/kg) is still five times lower than the generic effects 
thresholds suggested by Thompson (1996).   

Tree swallows were a key wildlife receptor on the Sudbury River evaluated in the Nyanza BERA.  
The egg injection study by Heinz (2003) indicated a no effect and effect CBR of 0.4 and 0.8 mg Hg/kg, 
respectively, for this species.  Applying the two-fold correction factor results in a no effect and effect CBR 
of 0.8 and 1.6 mg Hg/kg, respectively. This value could also be used more broadly with song birds.    

2.3.2 Bird blood

Figure 3 presents the most conservative no effect and effect concentrations for Hg in the blood 
from seven bird species.  The most sensitive species and life stage was the common loon chick (Nocera 
and Taylor, 1998).  None of the studies in the blood database assessed reproductive impairment in birds. 

The results by Nocera and Taylor (1998) were based on field observations of loon chick behavior 
associated with an intensive blood sampling program.  The authors found a strong correlation between 
increased blood Hg level in chicks and changes in two behavioral responses (i.e., decrease in the amount 
of time riding the parents= backs and increase in time spent preening).  The authors indicated that these 
behavioral changes resulted in increased energy expenditures which were not compensated for with a 
higher feeding rate or more begging for food.  These results suggested a drop in the overall fitness of the 
affected chicks. Using their data set, Nocera and Taylor (1998) indicated that blood Hg levels between 
1.25 and 1.5 mg/kg were at, or near, a critical behavioral and/or lethal effect level for loon chicks. 

Based on these observations, 1.25 mg Hg/kg was selected as a generic effect CBR for Hg in bird 
blood. This value is about one order of magnitude lower than the next two effects CBRs (i.e., great egret 
= 11-12 mg/kg, and pigeon = 12 mg/kg, see Figure 3). It also seemed quite conservative when 
compared to all of the other no effect blood residue levels in the database.  However, because of the 
limited amount of effect data for Hg in blood and the subtle neurological impairments, it seemed prudent 
to err on the cautious side unless other blood data exist to justify a higher value.  A generic no effect CBR 
for Hg in bird blood could not be calculated based on the available test data. 

2.3.3 Feathers 

Figure 4 presents the most conservative no effect and effect concentrations for Hg in feathers 
from 15 bird species.  The most sensitive species was the mallard duck (Heinz, 1979).  

Heinz (1979) measured reproductive success in mallards fed a constant Hg-contaminated diet 
over three consecutive generations.  He reported that this exposure resulted in reproductive impairments, 
such as more eggs laid outside of nest boxes, a drop in the number of sound eggs, and a drop in the 
number of one-week old ducklings produced.  He analyzed the Hg levels in hen feathers over three 
generations and reported that residue levels in feathers above an average of 9.1 mg/kg yielded the 
reproductive impacts discussed above. 

The suggested generic effect CBR for Hg in feathers is low when compared to the two other 
effect data points in Figure 4. However, the strength of the Heinz (1979) study (i.e., exposure over three 
consecutive generations, reproductive endpoints) indicated that this CBR was relevant.  Also, because of 
the limited amount of effect data for Hg in feathers, it was deemed prudent to err on the cautious side 
unless more data become available in the future to justify a higher value.  A generic no effect CBR for Hg 
in bird feathers could not be calculated based on the available test data. 
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Gerrard and St. Louis (2001) reported no detrimental effects on clutch size, incubation time, 
hatchability, nestling growth, or fledging success in pre-fledging tree swallow chicks with feathers 
containing an average Hg residue level of 1.21 mg/kg.  This value was selected as a conservative, 
species-specific no effect CBR for Hg tree swallow feathers.  It could also be used more broadly with 
song birds. 

2.3.4 Bird brain 

Figure 5 presents the most conservative no effect and effect concentrations for Hg in the brains 
from 13 bird species.  The mallard duck was the most sensitive species.  Significantly fewer 1-week old 
ducklings were produced over three consecutive generations at an average annual brain residue level in 
adult hens ranging between 0.44 and 0.59 mg/kg (Heinz, 1979).  The two next most sensitive species 
were the great egret and the black duck.  Great egret juveniles showed a significant drop in their weight 
index (weight/bill length) at an average brain residue level of 3.4 mg/kg after 11 weeks of exposure 
(Spalding et al., 2000).  Fewer black duck hens incubated their eggs and egg hatchability decreased at an 
average brain residue level of 3.8 mg/kg in the hens (Finley and Stendel, 1978). 

The average residue concentration for mallard ducks could serve as a generic effect CBR for Hg 
in bird brains.  However, this value appears quite low.  The literature indicated that the median 
background level for Hg in brains from various wild bird species equaled 0.39 mg/kg (range = 0.14 and 
0.57 mg/kg, n = 12; data not shown).  These numbers indicate that the mallard duck value falls within the 
upper end of the range found in naturally-exposed birds.  Also, the next two lowest effect brain residues 
(i.e., great egret and black duck) are between 6 and 9 times higher than the mallard duck value.  

This evidence suggests that the mallard residue value may be too low for use as a generic effect 
CBR in the BERA.  Nevertheless, this value can not be ignored because the mallard study was the only 
one which followed the effects of Hg exposure on reproduction over three consecutive generations.  All of 
the other studies exposed birds for much shorter periods.  One potential cause for the low effects 
concentration in the mallard duck study when compared to natural background levels may be a lack of 
selenium (Se) in the dry duck mash fed to the mallards.  Organic Se detoxifies Hg by binding with it in the 
body. This hypothesis could not be verified because Heinz (1979) did not analyze the feed or his tissue 
samples for Se. 

A reasonable effect CBR for Hg in bird brains can be derived by averaging the mallard duck and 
great egret effects numbers.  This value equals 1.96 mg/kg.  A no-effect CBR for Hg in bird brains cannot 
be derived based on the available test data.  The average of the three lowest no effect values in Figure 5 
(i.e., chicken, goshawk, and pheasant) equals 1.76 mg/kg.  A suggested option is to select the median 
natural background concentration (0.39 mg/kg) as a conservative no effect CBR. 

In summary, the proposed generic no effect and effect CBRs for Hg in bird brains equal 0.39 
mg/kg and 1.96 mg/kg, respectively (rounded to 0.4 mg/kg and 2.0 mg/kg).  The uncertainty associated 
with these two values is high. 

2.3.5 Bird liver 

Figure 6 presents the most conservative no effect and effect concentrations for Hg in the livers 
from 15 bird species.  The most sensitive species was the mallard duck.  Significantly fewer 1-week old 
ducklings were produced over three consecutive generations at an average annual liver residue level in 
adult hens ranging between 0.89 and 1.62 mg/kg (Heinz, 1979).  The two next most sensitive species 
were the chicken and the black duck.  Male chicks showed a significantly lower body weight at an 
average liver residue level of 11.8 mg/kg after 8 weeks of exposure (Gardiner et al., 1971).  Ducklings 
died within 11 days of hatching at an average liver residue level of 12.3 mg/kg (Finley and Stendel, 1978). 
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The average tissue residue levels for mallard ducks could serve as a generic effect CBR for Hg in 
bird livers. However, this value appears quite low.  The literature review indicated that the median 
background level for Hg in livers from wild birds of various species and ages equaled 1.83 mg/kg (range =  
0.37 to 16.5 mg/kg, n = 22; data not shown).  The mallard duck liver residue value fell below the median 
of this natural range.  Also, the next two lowest effect-based residue values were from about 7 to 14 times 
higher than the mallard duck value. 

This evidence suggests that the mallard liver residue value may be too low for use as a generic 
effect CBR in the BERA.  Nevertheless, this value cannot be ignored because the mallard study was the 
only one which followed the effects of Hg exposure on reproduction over three consecutive generations.  
All of the other studies exposed birds for much shorter periods.  One potential cause for the low effects 
levels in the mallard duck study compared to natural background levels may be a lack of Se in the dry 
duck mash fed to the experimental animals.  This hypothesis could not be verified because Heinz (1979) 
did not analyze the feed or his tissue samples for Se.   

It is proposed to derive an effect CBR for Hg in bird liver by averaging the mallard duck and 
chicken effects numbers.  This value equals 6.53 mg/kg.  A no-effect CBR for Hg in liver cannot be 
derived based on the available test data.  The average of the three lowest no effect values shown in 
Figure 6 (i.e., great blue heron, starling, and goshawk) equals 1.46 mg/kg.  One option is to select the 
median natural background concentration of 1.83 mg/kg as an estimated conservative no effect CBR. 

In summary, based on the available information, it is proposed that the generic no effect and 
effect CBRs for Hg in bird livers equal to 1.83 mg/kg and 6.53 mg/kg, respectively (rounded to 1.8 mg/kg 
and 6.5 mg/kg). The uncertainty associated with these two values is high. 

2.3.6 Bird kidney 

Figure 7 presents the most conservative no effect and effect concentrations for Hg in the kidneys 
from 14 bird species.  The most sensitive species was the mallard duck.  Significantly fewer 1-week old 
ducklings were produced over three consecutive generations at an average annual kidney residue level in 
adult hens ranging between 1.52 and 1.82 mg/kg, (Heinz, 1979).  The two next most sensitive species 
were the great egret and the chicken.  Juvenile great egrets showed a significant drop in their weight 
index (weight/bill length) at an average kidney residue level of 8.4 mg/kg following 11 weeks of exposure 
(Spalding et al., 2000).  Male chicks showed significantly lower body weights at an average kidney 
residue level of 12.6 mg/kg following eight weeks of exposure (Gardiner et al., 1971). 

The average residue for mallards could serve as a generic effect CBR for Hg in bird kidneys.  
This value, however, appears quite low.  The literature review indicates that the median background level 
for Hg in kidneys from wild birds of various species and ages equaled 1.85 mg/kg (range = 0.47 to 3.75 
mg/kg, n = 6; data not shown).  These numbers indicate that the mallard duck value is similar to the 
median background concentration.  Also, the next two lowest effect-based residue values are from 5 to 8 
times higher than the mallard duck value. 

This evidence suggests that the mallard duck effects value may be too low for use as a generic 
effect CBR for use in the BERA.  Nevertheless, this value can also not be ignored because the mallard 
study was the only one which followed the effects of Hg exposure on reproduction over three consecutive 
generations.  All of the other studies exposed birds for much shorter periods.  One potential cause for the 
low effects concentration in the mallard study compared to natural background levels may be a lack of Se 
in the dry duck mash fed to the experimental animals.  This hypothesis cannot be verified because Heinz 
(1979) did not analyze the experimental feed or his biological samples for Se.   

It is proposed to calculate an effect CBR for Hg in bird kidneys by averaging the mallard duck and 
great egret effects numbers.  This value equals 5.03 mg/kg. A no-effect CBR for Hg in bird kidneys 
cannot be derived based on the available test data.  The average of the three lowest no effect values in 
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Figure 7 (i.e., great skua, duck [Rouen], and chicken) equals 4.1 mg/kg.  A suggested option is to select 
the median background concentration of 1.85 mg/kg as a conservative no effect CBR. 

In summary, based on the available information, it is proposed that the generic no effect and 
effect CBRs for Hg in bird kidneys equal 1.85 mg/kg and 5.0 mg/kg, respectively (rounded to 1.8 mg/kg 
and 5.0 mg/kg). The uncertainty associated with these two values is high. 

2.3.7 Bird muscle (non-cardiac) 

Figure 8 presents the most conservative no effect and effect concentrations for Hg in muscles 
from 14 bird species.  The most sensitive species was the mallard duck.  Significantly fewer 1-week old 
ducklings were produced over three consecutive generations at an average annual muscle residue level 
in adult hens ranging between 0.67 and 0.83 mg/kg (Heinz, 1979).  The next two most sensitive species 
were the black duck and the chicken.  Significantly lower numbers of black duck hens incubated their 
eggs, and eggs hatchability decreased, at an average muscle residue level of 4.5 mg/kg (Gardiner et al., 
1971).  Body weight was significantly lower in male chicks after 8 weeks of exposure at an average 
muscle residue level of 4.5 mg/kg (Finley and Stendel, 1978). 

The average residue concentration for mallard duck could serve as a generic effect CBR for Hg in 
bird muscles.  However, this value appears quite low.  The literature review indicated that the median 
background level for Hg in muscles from wild birds of various species and ages equals 0.65 mg/kg (range 
= 0.17 to 1.14 mg/kg, n = 18; data not shown).  These numbers indicate that the mallard duck muscle 
residue value is similar to the median background concentration.  Also, the next two lowest effect-based 
residue values are 5.5 to 7 times higher than the mallard duck value. 

This evidence suggests that the mallard muscle residue value may be too low for use as a 
reasonable effect CBR for use in the BERA.  Nevertheless, this value cannot be ignored because the 
mallard study was the only one which followed the effects of Hg exposure on reproduction over three 
consecutive generations.  All of the other studies exposed birds for much shorter periods.  One potential 
cause for the low effects concentration in the mallard duck study compared to natural background levels 
may be a lack of Se in the dry duck mash fed to the experimental animals.  This hypothesis cannot be 
verified because Heinz (1979) did not analyze the feed or his tissue samples for Se.   

An effect CBR for Hg in bird muscle was calculated by averaging the residue level from the 
mallard duck with that of the black duck and chicken.  This value equals 2.63 mg/kg.  A no-effect CBR 
cannot be derived based on the test data.  The average of the three lowest no effect values in Figure 8 
(i.e., great blue heron, starling, and great skua) equals 0.35 mg/kg.  It is suggested to select the median 
background concentration of 0.65 mg/kg as a conservative no effect CBR.   

In summary, based on the available information, it is proposed that the generic no effect and 
effect CBRs for Hg in bird muscle equals 0.65 mg/kg and 2.63 mg/kg, respectively (rounded to 0.6 mg/kg 
and 2.6 mg/kg). The uncertainty associated with these two values is high.  

2.3.8 Bird heart

Figure 9 presents the most conservative no effect and effect concentrations for Hg in the hearts 
from five bird species.  The most sensitive species was the chicken.  No effect on body weight was 
reported in male chicks at an average heart residue level of 1.1 mg/kg after 8 weeks of exposure.  Body 
weight in the male chicks was significantly reduced at an average heart residue level of 2.9 mg/kg after 8 
weeks of exposure (Gardiner et al., 1971). 

The chicken data appears to provide reasonable no effect and effect CBRs when compared to 
the no effect and effect CBRs for muscles discussed previously.  The average no effect heart residue 
level for the four other species shown in Figure 9 equaled 1.74 mg/kg.  The only available residue value 
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for birds exposed in the wild was for the laughing gull and equaled 0.301 mg/kg (Gochfeld et al., 1996; 
data not shown). 

Based on limited data, it is proposed to set the generic no effect and effect CBRs for Hg in bird 
hearts equal to 1.1 mg/kg and 2.9 mg/kg, respectively.  The uncertainty associated with these two values 
is high. 

2.4 Mammals

2.4.1 Mammal blood 

Figure 10 presents the most conservative no effect and effect concentrations in the blood from 
seven mammal species.  The two most sensitive species were the macaque monkey and the cat.  Of 
those two, the monkey study is the most relevant. Burbacher et al. (1988) reported no effect on the 
percentage of viable deliveries in adult female monkeys with blood Hg levels below 1.0 mg/kg.  A 
significant drop in the percentage of viable deliveries was observed in adult female monkeys with blood 
Hg levels above 1.5 mg/kg.  Signs of neurotoxicity in the adult females appeared when blood Hg levels 
reached 2.0 mg/kg.  Adult cats showed no sings of neurological impairment during 24 months of exposure 
when Hg levels in their blood did not exceed 3.5 mg/kg; mild neurological impairment started after 60 
weeks of treatment when Hg levels in their blood exceeded 5.0 mg/kg (Charbonneau et al., 1976).  It is 
not unreasonable to assume that if the adult cats had been allowed to breed during their two-year 
exposure period, then the no effect and effect blood residue levels for reproduction would have been 
lower than the threshold for neurotoxicity and might even be similar to those reported for the monkey 
study. 

Blood Hg levels up to 0.63 mg/kg in mink did not result in brain Hg levels known to cause toxicity 
(Wolfe and Norman, 1998).  This value provides an upper no effect level for Hg in mink blood. 

Based on this information, the generic no effect and effect CBRs for Hg in mammal blood was set 
at 1.0 mg Hg/kg or lower and 1.5 mg Hg/kg or higher, respectively.  These values can be used to support 
the Nyanza BERA, unless a target mammal receptor is assessed in the BERA for which a species-
specific CBR is available (e.g., mink). 

2.4.2 Fur 

Figure 11 presents the most conservative no effect and effect concentrations for Hg in fur from 
five mammal species. The most sensitive species was the deer mouse, followed by the mink.  The mink 
study was the most relevant of the two.  Halbrook et al. (1997) fed Hg-laced feed to female mink for six 
months. No effect on litter size was observed when the fur of females contained an average of 7.7 mg 
Hg/kg; the litter size was significantly reduced when the fur of females contained an average of 19.0 mg 
Hg/kg. This study did not provide the most conservative residue levels and was therefore not used to 
derive the generic CBRs protective of a wide range of mammal species.  Instead, it was retained to 
provide CBRs for mink.    

Burton et al. (1977) used deer mice collected in the field from a reference location and an area 
containing mouse food high in Hg.  The mice were brought into the laboratory and tested for swimming 
ability and stress tolerance. In other words, the study measured behavioral endpoints.  No effect on 
swimming ability or stress tolerance was observed when Hg in the fur averaged 1.3 mg Hg/kg.  Significant 
changes in swimming ability and stress tolerance were observed when Hg in the fur averaged 7.8 mg/kg.  

Based on this information, the generic no effect and effect CBRs for Hg in mammal fur were 
estimated at 1.3 mg Hg/kg and 7.8 mg Hg/kg, respectively.  These values can be used to support the 
Nyanza BERA, unless a target mammal receptor is assessed in the BERA for which a species-specific 
CBR is available (e.g., mink). 
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The generic effects CBR for Hg in fur is conservative but reasonable.  It is only 2.5 times lower 
than the threshold for reproductive impairment in mink.  Halbrook et al. (1997) also reported that litter size 
was already marginally (but not significantly) lower in female mink with fur containing an average Hg 
concentration of 13.4 mg Hg/kg.  The proposed effect CBR is only 1.7 times lower than this value.       

On the other hand, the proposed no effect CBR for fur appears too low when compared to the 
available species-specific no effect values.  This threshold could be adjusted if more data became 
available to justify an upward correction. 

3.0 TRVs FOR Hg DEVELOPED BY ESAT 

3.1. Introduction

A TRV represents the amount of a chemical consumed by a receptor on a daily basis at which a 
particular toxicological response is not expected (a no effect TRV) or is expected (an effect TRV) in 
organisms exposed to that chemical.  The toxicological responses of concern to a BERA typically consist 
of mortality, growth, or reproduction.  Neurotoxicity was included in the original literature review because 
Hg is a potent neurotoxin. 

The inherent limitations of data collected from the published literature makes it challenging to 
develop TRVs targeted to a specific wildlife receptor.  Different studies using the same chemical on the 
same species do not generate the same TRVs.  Other variables affect the end results, such as the life 
stage tested, the gender, the length of exposure, or the exposure route.  Generic TRVs for use in a BERA 
must be conservative enough to protect even the most sensitive receptor groups and life stages that may 
be exposed to the target chemical in the wild.  A TRV calculated for a targeted wildlife receptor using 
experimental data from that specific species would automatically replace the generic CBRs.   

The TRVs discussed below are unlikely to overestimate risk because they were derived using a 
highly reductive approach.  The selection process was as follows: 

x All of the available no effect and effect TRVs were organized by species. 

x The lowest no effect and effect TRVs were identified for each species. 

x The lowest of the species-specific no effect and effect TRV was typically retained as the generic 
TRV. 

Table 2 summarizes the proposed generic TRVs developed by ESAT for birds and mammals. 
The text that follows summarizes the available data and the rationale behind each value.  The values in 
Table 2 suggest that sensitive mammal species are about three times more sensitive to Hg intake than 
sensitive bird species. 

Table 2: Summary of Generic No Effect and Effect TRVs for Birds and Mammals 

Receptor Group 

Generic Toxicity Reference Values (TRV) for Hg 

No Effect TRVs Effect TRVs 

BIRDS 0.047 mg Hg/kg BW/ day 0.093 mg Hg/kg BW/day 

MAMMALS 0.014 mg Hg/kg BW/day 0.035 mg Hg/kg BW/day 

3.2 Birds
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Figure 12 presents the most conservative no effects and effects TRVs derived for 12 bird 
species.  The information can be summarized as follows: 

$	 The most sensitive effect TRV for birds equaled 0.093 mg Hg/kg BW/day based on measured 
reductions in appetite and growth in juvenile great egrets reported by Spalding et al. (2000).  A no 
effect TRV could not be derived because this value was the lowest Hg dose tested in the study.  
The next lowest effect TRV was 0.21 mg Hg/kg BW/day and resulted in a significant drop in the 
weight of exposed chickens. 

$	 A study by Heinz (1974), which reported on the impact of long-term Hg exposure on reproduction 
in mallard ducks, provided supporting data to establish an upper limit for a no effect TRV.  Heinz 
(1974) reported no significant impact on egg hatchability or duckling survival in hens receiving a 
dose of 0.071 mg Hg/kg BW/day.  In addition, Lewis and Furness (1991) exposed black-headed 
gull chicks for ten consecutive days to 0.07 mg Hg/kg BW/day, which represents a dose chosen 
to be within the range of exposures naturally experienced by wild gull chicks.  The authors 
reported no negative effects on their experimental birds.  

A no effect and effect daily dose of 0.071 mg Hg/kg BW/day and 0.093 mg Hg/kg BW/day could 
be selected as the generic no effect and effect bird TRVs, respectively, for use in the Sudbury River 
BERA. 

It was suspected that the generic no effect TRV for birds was not sufficiently conservative 

because the ratio of the no effect TRV to effect TRV equaled only 1.3 (i.e., 0.093 � 0.071). This relatively 
small difference was due to the fact that the TRVs were derived from two different studies and species.  A 
review of the ratios for the available species-specific no effect and effect TRVs indicated a range of 2.0 to 
>10 (data not shown).  Based on these observations, it was decided to calculate a no effect TRV by 
dividing the effect TRV for egrets (i.e., 0.093 mg Hg/kg BW/day) by an adjustment factor of 2.0.  
Therefore, the final generic no effect TRV for birds equals 0.047 mg Hg/kg BW/day.  If warranted, the 
adjustment factor could be further increased to generate a more protective generic no effect TRV for 
birds. It is noted that the ratio of the generic no effect to effect TRVs in mammals equals 2.5 (see next 
section). 

3.3 Mammals

Figure 13 presents the most conservative no effect and effect TRVs derived for eight mammal 
species.  The information can be summarized as follows: 

$	 The available data indicated that mammals are, on average, more sensitive to Hg than birds.  
Five of the seven effect TRVs shown in Figure 13 were equal to or lower than 0.1 mg Hg/kg 
BW/d. The difference within this group between the lowest effect TRV (mink = 0.035 mg Hg/kg 
BW/d, which resulted in a significant reduction in litter size) and highest effect TRV (dog = 0.1 mg 
Hg/kg BW/d, which resulted in a high incidence of stillbirths) was less than a factor of 3. 

$	 Three no effect TRVs were available for the group of five species mentioned in the previous 
paragraph.  The difference between the lowest no effect TRV (mink = 0.014 mg Hg/kg BW/d, 
which did not result in a reduction in litter size) and highest no effect TRV (monkey = 0.050 mg 
Hg/kg BW/d, which did not affect the number of viable off spring) in this group was less than a 
factor of 4. 

Overall, mink was the most sensitive species to Hg, closely followed by the cat.  The generic no 
effect and effect TRV for Hg in mammals was set at 0.014 mg Hg/kg BW/d and 0.035 mg Hg/kg BW/d, 
respectively, to reflect the high sensitivity of mink to Hg exposure.  These values are suggested for 
assessing the potential for risk to mammal wildlife receptors in the Sudbury River BERA.  They were not 
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considered too conservative because the measured no effect and effect TRVs for several other mammal 
species fell within a factor of three or four of the proposed values. 

4.0 DEVELOPING SEPARATE CBRs AND TRVs FOR SONG BIRDS AND AQUATIC BIRDS 

4.1 Introduction

The CBRs and TRVs for birds summarized in the previous section did not distinguish between 
one group of birds or another.  Instead, these generic values were meant to protect all birds, including 
sensitive life stages. 

The Nyanza BERA focuses on two major bird groups: the “aquatic” birds (e.g., belted kingfisher, 
great blue heron, hooded merganser, osprey) which feed mainly on fish from the Sudbury River, and the 
“song” or “marsh” birds (e.g. tree swallow, red-winged blackbird, swamp sparrow, song sparrow) which 
feed mainly on aquatic or terrestrial invertebrates from the Sudbury River and its wetlands, or other food 
items (e.g., seeds, berries). 

All of the data used in deriving the generic CBRs and TRVs pertained to piscivorous birds (i.e., 
loons, egrets, ), ducks (mallard duck, black duck), or chickens.  It is perhaps not surprising that most 
research on the toxicity of Hg in birds has focused on fish-eaters or on farm-raised species. 

An attempt was made to compare the generic CBRs and TRVs against no effect or effect Hg 
tissue residues measured in song or marsh bird species.  The search was based on the data bases 
summarized in the technical memoranda prepared under TDF No. 1208 B (issued on January 30, 2004) 
and TDF No. 1284 (issued on March 25, 2004). 

4.2 CBRs for song and marsh birds 

The term “song” and “marsh” bird was very loosely interpreted to include the following species 
identified in the data bases: tree swallow, cliff swallow, zebra finch, Brewer’s blackbird, red-winged 
blackbird, grackle, cowbird, and starling. 

Attachment 2 presents the tissue residue data that were retrieved from the two technical 
memoranda for these bird species.  By definition, all of these data exceeded the generic CBRs which 
were derived using the lowest-available no effect and effect tissue residue data.  The data in Attachment 
2 are quite spotty and cannot be used to calculate CBRs targeted specifically to song and marsh birds.  
For example, many of the measured effect Hg concentrations associated with a toxic response (e.g., 
mortality starting within six to ten days of exposure to Hg) are well above a reasonable lowest effect 
threshold 

It is recommended to use the generic CBRs presented on Table 1 to assess risk to the song and 
marsh birds on the Sudbury River, except when specific values are available for the tree swallow.  It 
should be acknowledged in the uncertainty analysis of the BERA that the presence of risk to these birds 
would likely be overestimated due to the conservatism of the generic CBRs.  However, the overestimate 
is well below one order of magnitude, and possibly in the range of three to five. 

4.3 TRVs for song and marsh birds 

TRVs are available for 12 bird species (Figure 12), only one of which (the zebra finch) falls within 
the target group.  It is not possible to derive separate TRVs for song and marsh birds based on the 
available database. 
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5.0 SUMMARY AND CONCLUSION 

ESAT summarized a comprehensive literature search on the effects of Hg to fish, birds and 
mammals.  The goal of the original effort was to develop defensible no effect and effect CBRs and TRVs 
for use in the Sudbury River BERA.  

Table 1 summarized the proposed generic (and also species specific) CBRs for whole 
fish/muscle, bird tissues, and mammal tissues.  Table 2 summarized the proposed no effect and effect 
TRVs for birds and mammals.  The TRVs suggested that sensitive mammal species can be expected to 
be affected by Hg at doses which are about three times lower than those affecting sensitive bird species. 

The proposed TRVs in Table 2 were compared against values presented in EPA (1997) to 
perform a reality check. EPA (1997) calculated reference doses (RfDs) for MeHg, which were defined as 
chronic no observed adverse effect levels (NOAELs).  Those RfDs, which were calculated from laboratory 
toxicity studies divided by appropriate uncertainty factors, would be equivalent to the generic no effect 
TRVs provided in Table 2. EPA (1997) did not provide chronic LOAELs to compare against the generic 
effect TRVs. 

EPA (1997) calculated a RfD for avian wildlife equal to 0.021 mg Hg/kg BW/day and a RfD for 
mammalian wildlife equal to 0.018 mg Hg/kg BW/day.  These two values compare favorably to the 
generic no effect TRVs in Table 2, considering that the latter were developed based on completely 
different lines of evidence than the EPA (1997) RfDs.  

The values summarized in Tables 1 and 2 are conservative but for the most part realistic.  The 
generic CBR for bird eggs derived by ESAT is still open to question as it was driven largely by data 
derived from egg injection studies instead of eggs dosed naturally through maternal deposition.  The 
adjusted effect CBR for eggs (i.e., 0.32 mg/kg) is substantially lower than the effect CBR (i.e., 1.0 mg/kg) 
derived from other types of studies.  Also, the no effect CBR for fur appears low when compared to the 
other no effect fur CBRs.  However, without additional data, it is a challenge to suggest a higher but still 
defensible no effect CBR for fur. 

The high degree of conservatism built into the CBRs and TRVs will likely protect a range of 
potential wildlife receptors against the subtle neurologic effects of Hg which may not have been captured 
by the non-behavioral endpoints assessed in this review.  An example of this phenomenon are the 
behavioral studies with the loon chicks (Nocera and Taylor, 1998) and field-collected deer mice (Burton et 
al., 1977) which provided the CBRs for bird blood and mammal fur, respectively. 

The generic CBRs and TRVs should also be considered quite robust due to the reductive 
approach used to generate most of these values.  The selection process first identified the most stringent 
within-species values and then selected the most stringent inter-species values for use as the generic 

th
CBRs and TRVs (except for the bird egg CBR which was based on the 10  percentile of the available 
effects data, and the two fish CBRs which were derived from several reproduction studies).  It seems 
unlikely that more data would greatly modify the generic CBRs or TRVs, unless the new data points fell 
below the values shown in Tables 1 and 2. 

Finally, the generic CBRs and TRVs likely will over-protect song and swamp bird species. 
However, the available data are too incomplete to derive a separate set of CBRs and TRVs for use on 
song and swamp birds.   
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Attachment 1: Summary of no effect and effect fish whole body or muscle mercury residue data for reproductive effects 

Measured  or Estimated No Effect Tissue Conc. 
(Wet Weight) Measured Effect Tissue Concentration  (Wet Weight) 

Fish 
Species 

Exposure 
Route & 
Duration 

Hg used 
in 

Exposure Reference 
Residue 

Level Response Comment 
Residue 

Level Response Comment 

fathead lab diet; organic 0.096 no effect on measured 0.68 decreased reproductive measured Hammerschmidt 
minnow 286 d Hg mg/kg reproduction or residue in mg/kg and spawning success; no residue in et al., 2002 

spawning success control adult 
females 

effect on adult growth or 
mortality 

exposed adult 
females 

fathead water; inorganic 0.32 no effect on measured 1.36 significant reproductive measured Snarski & Olson, 
minnow 287 d Hg mg/kg reproduction residue in mg/kg inhibition residue in 1982 

parents parents 

mummi lab diet; organic 0.44 no effect on 2
nd 

measured 1.1 significant increase in measured Matta et al., 
chog 102 d Hg mg/kg generation sex ratio residue in mg/kg female:male ratio in 2

nd 
residue in 2001 

parents generation parents 

brook maternal organic <3.5 no effect on survival in measured 5.0 significant mortality in measured McKim et al., 
trout (2

nd 
transfer + Hg mg/kg adults or reproductive residue (no mg/kg adults; reduced residue (effect 1976 

gener.) water; 1 yr success effect range = hatchability; decreased range = 5 to 8 
2.0 to 3.5 juvenile weight mg/kg) 
mg/kg) 
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Attachment 2: comparison of the generic CBRs against measured no effect and effect tissue residue levels in song or marsh bird species 

Generic CBRs 
a 

(mg/kg, WW) Measured no effect [Hg]
c
 (mg/kg, WW) Measured effect [Hg]

c
 (mg/kg, WW) 

Song or 
Tissue No Marsh Residue Residue 
Type Effect Effect Species

b 
level response level Response reference 

egg 0.5 1.0 Tree 
swallow 

0.8 No embryo mortality 1.6 Increased embryo mortality Heinz (2003) 

blood NA 1.25 - - - - - -

feathers NA 9.1 Brewer’s 
blackbird 

0.14 No apparent effect; [Hg] in brain & liver 
was too low to result in Hg toxicity 

- - Wolfe & Norman, 
1998 

Cliff 0.32 No apparent effect; [Hg] in brain & liver - - Wolfe & Norman, 
swallow was too low to result in Hg toxicity 1998 

Red-winged 0.36 No apparent effect; [Hg] in brain & liver - - Wolfe & Norman, 
blackbird was too low to result in Hg toxicity 1998 

Tree 1.2 No effect on eggs per clutch, incubation - - Gerrard & St. 
swallow time, hatchability, nestling growth or Louis, 2001 

fledging success in nestlings 

brain 0.4 2.0 Zebra finch 14.1 No neurotoxicity observed in the birds 
after 76 days of exposure 

20.0 Neurotoxicity observed in the birds 
after 76 days of exposure 

Scheuhammer, 
1988 

Grackle - - 21.0 Death in male yearlings after 6 days 
of exposure 

Finley et al., 1979 

Cowbird - - 30.9 Death in adult birds after 10 days of 
exposure 

Finley et al., 1979 

Starling - - 44.9 Death in male yearlings after 8 days 
of exposure 

Finley et al., 1979 

Red-winged - - 45.0 Death in male yearlings after 11 Finley et al., 1979 
blackbird days of exposure 

Liver 1.8 6.5 Zebra finch 30.5 No neurotoxicity observed in the birds 
after 76 days of exposure 

43.0 Neurotoxicity observed in the birds 
after 76 days of exposure 

Scheuhammer, 
1988 

Grackle - - 54.5 Death in male yearlings after 6 days 
of exposure 

Finley et al., 1979 
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Attachment 2: comparison of the generic CBRs against measured no effect and effect tissue residue levels in song or marsh bird species 

Generic CBRs 
a 

(mg/kg, WW) Measured no effect [Hg]
c
 (mg/kg, WW) Measured effect [Hg]

c
 (mg/kg, WW) 

Song or 
Tissue No Marsh Residue Residue 
Type Effect Effect Species

b 
level response level Response reference 

Cowbird - - 78.4 Death in adults after 10 days of 
exposure 

Finley et al., 1979 

Starling 1.8 No overt signs of toxicity in yearlings 
exposed for 8 weeks 

103.6 Death in male yearlings after 8 days 
of exposure 

Finley et al., 1979 

Red-winged - - 126.5 Death in male yearlings after 11 Finley et al., 1979 
blackbird days of exposure 

Kidney 1.8 5.0 Grackle - - 40.4 Death in male yearlings after 6 days 
of exposure 

Finley et al., 1979 

Cowbird - - 48.9 Death in adults after 10 days of 
exposure 

Finley et al., 1979 

Zebra finch 35.5 No neurotoxicity observed in the birds 55 Neurotoxicity observed in the birds Scheuhammer, 
after 76 days of exposure after 76 days of exposure 1988 

Red-winged - - 74.3 Death in male yearlings after 11 Finley et al., 1979 
blackbird days of exposure 

Starling 9.1 No overt signs of toxicity in juveniles 
exposed for 8 weeks 

86.4 Death in male yearlings after 8 days 
of exposure 

Finley et al., 1979 

Muscle 0.6 2.6 Grackle - - 30.0 Death in male yearlings after 6 days Finley et al., 1979 
(non of exposure 
cardiac) 

Cowbird - - 31.5 Death in adults after 10 days of Finley et al., 1979 
exposure 

Starling <0.29 No overt signs of toxicity in juveniles 
exposed for 8 weeks 

40.7 Death in male yearlings after 8 days 
of exposure 

Finley et al., 1979 

Red-winged - - 57.1 Death in male yearlings after 11 Finley et al., 1979 
blackbird days of exposure 

Heart 1.1 2.9 Starling 0.05 No overt signs of toxicity in juveniles 
exposed for 8 weeks 

- - Nicholson & 
Osborn, 1984 

a
 values were obtained from Table 1 in this technical memorandum 

b
 the terms “song” and “marsh” species was interpreted very loosely 
 see the technical memoranda prepared under TDF no. 1208 B (January 30, 2004) and TDF No. 1284 (March 25, 2004) for additional details on these values 
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Figure 6: Most conservative species-specific no effect and effect 

mercury concentrations in bird livers 
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Figure 7: Most conservative species-specific no effect and effect mercury 

concentrations in bird kidneys 
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Figure 8: Most conservative, species-specific no effect and effect Hg 

concentrations in bird muscle (non-cardiac) 
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Figure 9: Most conservative species-specific no effect and effect 

mercury concentrations in bird hearts 
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Figure 10: Most conservative species-specific no effect and effect blood 

Hg concentrations in mammals 
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1.0 GENERAL INTRODUCTION

1.1 Technical Direction Forms 

The Environmental Protection Agency (EPA) issued Technical Direction Form (TDF) No. 402 on 
October 18, 2006.  The TDF requested that the Environmental Services Assistance Team (ESAT) provide 
the following ecological risk assessment technical support for the Nyanza Chemical Superfund Site (the 
Site), located in Ashland, MA: 

x Summarize the key studies and endpoints that supported the Critical Body Residues (CBRs) and 
Toxicity Reference Values (TRVs) for mercury (Hg) for fish, birds, and mammals developed under 
previous Technical Direction Forms (TDFs). 

x Determine if separate CBRs and/or TRVs for Hg could be developed for song birds versus 
aquatic birds. 

x Compare the Hg CBRs and TRVs used in the five BioDiversity Research Institute (BRI) Mercury 
Exposure Profiles (MEP) with those developed by ESAT. 

x Prepare technical comments on the BRI MEPs. 

The EPA issued TDF No. 402 A on November 5, 2006.  The modified TDF extended the task 
completion date and requested that ESAT compare the average egg, blood, and feather Hg levels for the 
bird species discussed in the BRI MEPs with the average Hg levels for the same tissues and species 
calculated by ESAT under TDF No. 138.  The goal of this effort was to identify any averages that were 
markedly different between the two data sets. 

The EPA issued TDF No. 402 B on November 16, 2006, requesting that ESAT not compare the 
tissue residue means calculated by ESAT and BRI.  

The first two items listed above were addressed in an interim deliverable submitted to the TOPO 
on October 31, 2006. This final deliverable addresses the last two items listed above.  The preliminary 
comments by ESAT on the MEPs were discussed with the TOPO on November 14, 2006.  ESAT also 
participated in a conference with the TOPO, the Remedial Project Manager (RPM), and three 
representatives of Avatar Environmental on November 16, 2006, to discuss the technical comments on 
the BRI MEPs. 

1.2 Site history 

The Site was occupied from 1917 through 1978 by several companies which manufactured textile 
dye intermediates, colloidal solids, and acrylic polymers.  Over the decades, large volumes of chemical 
wastes (e.g., partially-treated process water, chemical sludges, solid process wastes, solvent recovery 
distillation residue, various chemicals, and off-specification products) were disposed of in pits, below-
ground containment structures, and lagoons scattered throughout the Site.  Hg was one of the 
compounds used as a catalyst to produce textile dyes.  Between 1940 and 1970, it is estimated that 45 to 
57 metric tons of Hg were released from the Site into the nearby Sudbury River. 

Regulatory concerns at the Site started in 1972.  EPA placed the Site on the National Priorities 
List (NPL) in 1982.  Site investigations have been on-going since that time.  These studies determined 
that large sections of the Sudbury River between the Site and its confluence with the Assabet River 
(about 26 miles) were contaminated with Hg at levels of concern to ecological receptors.  This conclusion 
resulted in additional field work starting in 2003 to better quantify the potential for ecological risk to 
aquatic, semi-aquatic, and terrestrial receptors.  

In 2003 and 2004, EPA requested that ESAT perform an in-depth literature review to develop 
CBRs and TRVs for Hg in fish, birds, and mammals (TDFs No. 870 B, 1208 B, and 1284).  The CBRs for 
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fish included exposures to both inorganic and organic Hg because no differences in toxicity were found 
between the two compounds.  However, all of the CBRs and TRVs for birds and mammals were for 
organic Hg only.    

This technical memorandum is organized as follows: Section 2.0 compares the Hg CBRs and 
TRVs used in BRI MEPs with those developed by ESAT; Section 3 provides technical comments on the 
MEPs; Section 4.0 provides a summary and conclusions, and Section 5.0 provides references. 

2.0 COMPARING THE Hg CBRs AND TRVs PREPARED BY ESAT AND BRI FOR BIRDS AND 
MAMMALS 

2.1 Introduction

EPA requested in 2003 and 2004 that ESAT perform an in-depth literature review to develop 
generic and (if possible) receptor-specific CBRs and TRVs for Hg in birds and mammals (TDFs No. 870 
B, 1208 B, and 1284).  Those values were consolidated and summarized in an interim deliverable 
prepared under the current TDF and submitted to the TOPO on October 31, 2006. 

BRI collected tissue samples from birds (blood, feathers, eggs) and mammals (blood, fur, brain, 
liver) captured along the Sudbury River and from several reference locations between 2003 and 2005.  
The target species were piscivorous birds (the hooded merganser and belted kingfisher), non-piscivorous 
birds (the wood duck, tree swallow, half a dozen marsh bird species [note: the terms “song birds” and 
“marsh birds” were used interchangeably by BRI]), and mammals (mink).  All of the tissue samples were 
analyzed for total Hg. BRI summarized the available tissue residue data in five MEPs.   

BRI developed five MEPs as follows: hooded merganser and wood duck (note: wood ducks were 
considered a “by catch” due to their propensity to nest in hooded merganser nest boxes), belted 
kingfisher, tree swallow, song birds, and mink.  Each MEP included proposed CBRs derived from the 
literature or from data generated by BRI. The exposure data provided in the MEPs were used to support 
the Baseline Ecological Risk Assessment (BERA) prepared by Avatar Environmental. 

2.2 CBRs

Attachment 1 compares the CBRs derived by ESAT and BRI.  

2.2.1 Piscivorous birds 

2.2.1.1 CBR for Hg in blood 

x No effect CBR for blood 

Neither ESAT nor BRI developed a no effect CBR for Hg in the blood of piscivorous birds.  

x Effect CBR for blood 

The effect CBR for blood proposed by ESAT was based on a study by Nocera and Taylor (1998) 
who combined observations of loon chick behavior in the field with an intensive blood sampling program.  
A strong correlation existed between higher blood Hg levels in chicks and a decrease in the time the 
chicks spent riding their parents= backs and an increase in the time they spent preening.  These 
behavioral changes resulted in more energy expenditures which were not replaced by more feeding or 
food begging.  Nocera and Taylor (1998) indicated that blood Hg levels between 1.25 and 1.5 ppm (parts 
per million) (ww) were at, or near, a critical behavioral and/or lethal effect level for loon chicks.  Based on 
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these observations, 1.25 ppm was selected by ESAT as a generic effect CBR for Hg in the blood of 
piscivorous birds. 

The effect CBR for Hg in blood proposed by BRI was based on observations by Evers et al. 
(2004) which indicated that 3.0 ppm (ww) of Hg in common loon blood caused significant behavioral, 
physiological, and reproductive impacts. 

The same target species was used by both groups to derive an effect CBR for Hg in the blood of 
piscivorous birds.  The evidence indicated that the value proposed by Evers et al. (2004) may not have 
been conservative enough to protect a sensitive life stage against subtle neurological effects of Hg 
exposure. It is therefore recommended to use the ESAT value as the effect CBR to determine the 
potential for ecological risk based on measures of Hg in the blood of piscivorous birds. 

2.2.1.2 CBR for Hg in feathers 

x No effect CBR for feathers 

Neither ESAT nor BRI developed a no effect CBR for Hg in the feathers of piscivorous birds.  

x Effect CBR for feathers 

The effect CBR for feathers proposed by ESAT was based on a study by Heinz (1979).  The 
author measured reproductive success in mallards fed a Hg-enriched diet over three generations.  
Reproduction was impaired at an average Hg residue level in hen feathers of 9.1 ppm (fw, fresh weight). 

This effect CBR was low compared to the only two other effect data points identified in the 
literature review, which included Spalding et al., 2000 (see below).  One potential - but unproven - reason 
for the low effect CBR may have been a lack of selenium (Se) in the mallard feed.  This is important 
because Hg binds with Se, thereby reducing Hg toxicity).  The fact that the study lasted three generations 
and involved reproductive endpoints made this feather effect CBR relevant.  Also, due to the paucity of 
effect data for Hg in feathers in other bird species, it was deemed prudent to err on the cautious side 
unless other data can justify a higher but still protective value. 

The effect CBR for feathers proposed by BRI was based on a study by Spalding et al. (2000) 
which showed reduced growth in great egret nestlings with a mean total Hg concentration in mature 
scapular feathers equal to 40.0 ppm (fw).  Spalding et al. (2000) cautioned that their data may not be 
conservative enough because Se availability in their experiment was considered high and toxicity might 
occur earlier in situations were Se is less available. 

Both effect CBRs for feathers have merit.  The value proposed by ESAT is low and protective of a 
sensitive endpoint (i.e., reproduction), but does not relate directly to piscivorous birds and may also have 
been too conservative due to a lack of Se in the duck feed.  The value proposed by BRI is four times 
higher and relates directly to an avian piscivore, but considered a different endpoint (i.e., growth in 
nestlings) and may not be conservative enough due to the high availability of Se in the fish fed to the 
nestlings.  

It is recommended to use the lower of the two values to estimate risk in piscivorous birds.  
However, any exceedances of the proposed effect CBR must be discussed based on the arguments 
presented in the previous paragraph.   
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2.2.1.3 CBR for Hg in eggs 

x No effect CBR for eggs 

The no effect CBR for eggs proposed by ESAT equaled 0.5 ppm (ww). It represented a generic 
value derived from an extensive review of the literature on Hg toxicity in bird eggs summarized in 
Thompson (1996). 

BRI did not propose a no effect CBR for Hg in eggs of piscivorous birds. 

x Effect CBR for eggs 

The effect CBR for eggs proposed by ESAT equaled 1.0 ppm (ww).  It represented a generic 
value derived from an extensive review of the literature on Hg toxicity in bird eggs summarized in 
Thompson (1996). 

The effect CBR for eggs proposed by BRI is based on the observation that an average of 1.3 ppm 
(ww) of Hg in the eggs of common loon resulted in smaller egg sizes.  

It is recommended to use the no effect CBR proposed by ESAT and the effect CBR proposed by 
BRI to estimate the potential for ecological risk to piscivorous birds.  The no effect CBR is generic, 
whereas the effect CBR pertains directly to a known sensitive piscivorous bird.  

2.2.2 Song birds 

2.2.2.1 CBR for Hg in blood 

x No effect CBR 

ESAT did not develop a no effect CBR for Hg in the blood of song birds. 

The no effect CBR for Hg in the blood of song birds proposed by BRI was based on a site-specific 
regression model derived from paired blood Hg – egg Hg data for female tree swallows collected at the 
Nyanza site and at reference locations. The regression model was as follows: 

2
  [Hg]blood = 2.1115 [Hg]egg + 0.1118 (r  = 0.5034) 

The no effect threshold for Hg in eggs was set at 0.40 ppm (ww) based on a tree swallow egg 
injection study reported in Heinz (2003).  The blood Hg level in tree swallows at which the regression line 
crossed the 0.40 ppm threshold equaled 0.96 ppm (ww).  This value was selected by BRI as the no effect 
CBR for Hg in the blood of songbirds.   

x Effect CBR 

The effect CBR for Hg in blood proposed by ESAT equaled 1.25 ppm (ww) and was based on the 
study by Nocera and Taylor (1998) discussed earlier.  This value represented a threshold for mild 
behavioral changes in common loon chicks. 

The effect CBR for Hg in the blood of song birds proposed by BRI equaled 1.38 ppm (ww).  This 
value was based on the same regression model presented in the previous section.  The effect threshold 
for Hg in eggs was set at 0.60 ppm (ww) based on a re-interpretation of the tree swallow egg injection 
study reported in Heinz (2003).   
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The blood Hg level in tree swallows at which the regression line crossed the 0.60 ppm threshold 
equaled 1.38 ppm (ww).  This value was selected by BRI as the effect CBR for Hg in the blood of 
songbirds. 

It is recommended to use the no effect and effect CBRs generated by BRI as provisional 
thresholds of toxicity because these values were based in part on site-specific tree swallow exposure 
data. There is uncertainty in the applicability of the egg injection data to wild populations of tree 
swallows.  Hg injected directly into the egg may be at least two times more bioavailable, and hence more 
toxic, than Hg deposited naturally by the female during egg production (Gary Heinz, 2006, personal 
communication).  Hence, the values proposed by BRI may need to be revised in the future if additional 
supporting data become available.  There is also a potential issue with the effects CBR (1.38 ppm), as 
outlined in Swallow Specific Comment No. 8 in §3.3.2 below. 

2.2.2.2 CBR for Hg in feathers 

x No effect CBR for feathers 

Gerard and St. Louis (2001) reported no detrimental effects on clutch size, incubation time, 
hatchability, nestling growth, or fledging success in pre-fledging tree swallow chicks with feathers 
containing an average Hg residue level of 1.21 ppm (fw).  This value was selected as a conservative no 
effect CBR for Hg in the feathers of tree swallows specifically, and song birds in general.  

BRI did not propose a no effect CBR for Hg in the feathers of song birds. 

x Effect CBR for feathers 

Neither ESAT nor BRI proposed an effect CBR for Hg in the feathers of song birds. 

It is recommended to use the no effect CBR for Hg in tree swallow feathers selected by ESAT 
(1.21 ppm, fw) as a conservative no effects threshold in song birds. 

2.2.2.3 CBR for Hg in eggs 

x No effect CBR for eggs 

ESAT and BRI derived different no effect CBRs for Hg in the eggs of song birds even though both 
used the same Hg egg injection study for tree swallows (Heinz, 2003) as a starting point.  The results of 
this study indicated a no effect and effect CBR of 0.4 and 0.8 ppm (ww) Hg, respectively, for this species. 

ESAT discussed these values with Gary Heinz at an international Hg conference in Madison, WI, 
in August of 2006.  Dr. Heinz was of the opinion, based on his professional experiences, that the 
threshold for Hg in the egg injection studies was at least two times lower than what can be expected from 
Hg deposited naturally by the female in her eggs.  Applying this conservative, two-fold correction factor 
resulted in a no effect CBR for Hg equal to 0.80 ppm (ww) (i.e., 0.40 ppm x 2.0)  

BRI agreed that egg Hg levels of 0.40 ppm (ww) were not significantly different than the reference 
condition (p = 0.19), but suggested that larger sample sizes may indicate a cause of concern even at this 
Hg level. They nevertheless selected 0.40 ppm (ww) as the no effect CBR for Hg in song bird eggs.  BRI 
also used this value to derive their no effect CBR for Hg in the blood of song birds (see §2.2.2.1 above).   
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x Effect CBR for eggs 

ESAT calculated the effect CBR for Hg in the eggs of song birds by multiplying the effect 
threshold for Hg in swallow eggs reported by Heinz (2003) by a correction factor of 2.0.  The proposed 
value equaled 1.6 ppm (ww) (i.e., 0.80 ppm x 2.0).  

BRI indicated that the Hg threshold for effects in tree swallow eggs should fall between 0.40 and 
< 0.80 ppm (ww) because the lowest effect threshold for Hg in mallard eggs equals 0.80 ppm (ww) and 
tree swallow eggs are considered to be more sensitive to Hg than mallard eggs.  They suggested an 
effect CBR for Hg in song birds equal to 0.60 ppm (ww). 

Different assumptions by ESAT and BRI used on the same dataset developed by Heinz (2003) 
resulted in dissimilar no effect and effect CBRs for Hg in the eggs of song birds.  It is recommended that 
the EPA discuss these assumptions with Dr. Heinz to determine which carry the most weight.  The 
outcome of these discussions should then be used to select the most appropriate set of CBRs.    

2.2.3 Mink

2.2.3.1 CBR for Hg in blood 

x No effect CBR for Hg in mink blood 

The mink-specific no effect CBR for Hg in blood proposed by ESAT equaled 0.63 ppm (ww).  This 
value represented the highest value measured in six wild-caught mink at a Superfund site in California.  
The Hg levels measured in the brains of these six animals were not expected to result in toxicity.  

BRI did not propose a no effect Hg CBR for blood in mink. 

x Effect CBR for Hg in mink blood 

The generic effect CBR for Hg in blood of mammals proposed by ESAT equaled 1.5 ppm (ww).  It 
represented the average blood level in female macaque monkeys which resulted in a significant reduction 
in the percent viable deliveries.  Mild neurological impairments were observed in cats with blood levels of 
Hg as low as 5.0 ppm (ww) after 60 weeks of exposure to Hg-laced food.  The lower of the two values 
was chosen because it represented a reproductive endpoint, even though the receptor was a primate.  

BRI did not propose an effect CBR for Hg in blood of mink. 

It is recommended to use the no effect and effect CBRs developed by ESAT (0.63 ppm and 1.5 
ppm, respectively) as the threshold values for assessing the potential for ecological risk based on Hg 
measured in mink blood.  

2.2.3.2 CBR for Hg in fur 

x No effect CBR for Hg in mink fur 

The mink-specific no effect CBR for Hg in fur proposed by ESAT equaled 7.7 ppm (fw).  This 
value represented the highest average concentration in the fur of adult females which did not result in a 
significant effect on litter size. 

BRI did not propose a no effect CBR for Hg in the fur of mink. 
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x Effect CBR for Hg in mink fur 

The mink-specific effect CBR for Hg in fur proposed by ESAT equaled 19.0 ppm (fw).  This value 
represented the lowest average concentration in the fur of adult females which resulted in a significant 
reduction in litter size. 

The mink-specific effect CBR for Hg in fur proposed by BRI equaled 20.0 ppm (fw).  This value 
was derived from a field study on otters which showed reduced survivorship when Hg in fur exceeded 20 
ppm (ww). 

It is recommended to use the no effect and effect CBRs developed by ESAT (7.7 ppm and 19.0 
ppm, respectively) as the threshold values for assessing the potential for ecological risk based on Hg 
measured in mink fur.  These two values were derived from a controlled reproductive study in mink.  In 
addition, the proposed effect CBR is essentially identical to the value suggested by BRI. 

2.2.3.3 CBR for Hg in brain 

x No effect CBR for Hg in mink brain 

Neither ESAT nor BRI developed a no effect CBR for Hg in the brain of mink (or any other 
mammals).  

x Effect CBR for Hg in mink brain 

ESAT did not develop an effect CBR for Hg in the brain of mink (or any other mammals). 

The mink-specific effect CBR for Hg in brain proposed by BRI equaled 5.0 ppm (ww).  This value 
was derived from a biomarker study which showed reduced receptor-binding in brain tissue samples.  
The study did not appear to relate the results from the biomarker study to measurable responses at the 
organism or population level.  However, BRI reported that in a separate, laboratory-based, dose-response 
study using mink, mortality increased at a total Hg concentration in brain tissue equal to 11.9 ppm (ww).  
Even though the effect CBR proposed by BRI is conservative and based on a biomarker study, it appears 
reasonable for use in ecological risk. 

2.2.3.4 CBR for Hg in liver 

x No effect CBR for Hg in mink liver 

Neither ESAT nor BRI developed a no effect CBR for Hg in the liver of mink (or any other 
mammals).  

x Effect CBR for Hg in mink liver 

ESAT did not develop an effect CBR for Hg in the brain of mink (or any other mammals). 

The mink-specific effect CBR for Hg in liver proposed by BRI equaled 20.0 ppm (ww).  This value 
was derived from a laboratory-based, dose-response study with mink which showed that mortality 
increased at a total Hg concentration in liver at or above 20.0 ppm (ww).  This value is recommended as 
an effect CBR to assess the potential for ecological risk based on Hg measured in mink liver.  
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2.3 TRVs

The five MEPs prepared by BRI did not provide TRVs for birds or mammals, or use them in their 
data interpretation.  It was therefore not possible to respond to the request from the TOPO for a 
comparison between the ESAT and BRI TRVs.  The TRVs developed by ESAT were summarized in a 
previous technical memorandum prepared under the current TDF and provided to the TOPO as an 
interim deliverable on October 31, 2006. 

3.0 COMMENTS ON THE BRI MERCURY EXPOSURE PROFILES 

3.1 Introduction

BRI collected tissue samples from birds (blood, feathers, and eggs) and mammals (blood, fur, 
brain, and liver) captured along the Sudbury River and at several reference locations between 2003 and 
2005. The target species were the hooded merganser, wood duck, belted kingfisher, tree swallows, half 
a dozen song bird species, mink, and river otter.  All of the tissue samples were analyzed for total Hg.  
BRI summarized the available data in five MEPs which will be included as appendices to the Baseline 
Ecological Risk Assessment (BERA) prepared by Avatar Environmental. 

Subsection 3.2 (General Comments) below addresses issues pertaining to all five MEPs. 
Subsection 3.3 (Specific Comments) addresses issues specific to each MEP.   

3.2 General comments 

General Comment 1: 

The general structure of the  MEPs varied greatly.  It is recommended to establish one standard 
format. This format should be outlined in a table of contents placed at the front of each MEP.  A 
suggested report format might look as follows: 

x Table of content 

x Introduction 

x Purpose of the task 

x Target species description 

x Exposure and toxicity of Hg in [target species] 
o Literature review 
o Proposed no effect and effect CBRs 

x Methods 
o Study area 
o Capture techniques 
o Tissue sampling and processing 
o Sample analysis 
o Statistical analyses 

x Results and discussion 

x Conclusions 

x Literature cited 

x Figures 

General Comment 2: 

It is recommended to include an abstract at the beginning of each MEP.  This abstract should 
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summarize the study in terms of purpose, study design, major findings, and major conclusions.    

General Comment 3: 

The MEPs should be written as stand-alone documents.  A reader should get a clear 
understanding of the broader context in which the studies were performed.  This context is currently 
missing.  It is recommended to include a standardized introduction after the abstract.  This section would 
briefly explain the Nyanza Chemical site, the general site impacts on the Sudbury River, and how the data 
summarized in each MEP fit within the BERA for the Site. 

General Comment 4: 

The Sudbury River was divided into ten reaches for purpose of the BERA.  The five MEPs should 
include this nomenclature when referring to the Sudbury River sampling locations (e.g., Reservoir 1 = 
Reach 4; Reservoir 2 = Reach 3; Heard Pond = Reach 7; and Great Meadows National Wildlife Refuge 
[GMNWR] = Reach 8).  It will otherwise be a challenge to link the discussion in the BERA report prepared 
by Avatar with the information provided in the MEPs.  

General Comment 5: 

BRI collected tissue samples at various locations on the Sudbury River and at several reference 
sites in the surrounding area.  It may be difficult for a reader unfamiliar with the Sudbury River to 
differentiate between these sampling locations, even though they were mentioned in the text and shown 
in maps attached at the end of each MEP.  For example, it may not be fully understood that the Sudbury 
Reservoir is a separate water body from the Sudbury River, or that Reservoirs 1 and 2 are Sudbury River 
reservoirs.  In addition, it is inappropriate to use the term “Sudbury River” to designate a particular 
sampling location on that river, considering that the two reservoirs and several other locations (e.g., 
Heard Pond, GMNWR) are all found on the Sudbury River. 

It is recommended that a table be added in the methods section of each MEP to briefly describe 
all of the sampling locations discussed in that report.  This description should include the sampling 
location’s reach number and whether the sampling location is “impacted” or “background”.  It would also 
be helpful to systematically list the Sudbury River locations in the table from upstream to downstream to 
emphasize the hydrologic connection between the various locations. 

General Comment 6: 

The marsh bird and tree swallow MEPs presented the mean Hg tissue residue data in their 
figures either as data columns or as whisker plots.  There was no apparent reason for switching between 
these two types of figures.  It is recommended to present all of the data in the figures consistently either 
as data columns or as whisker plots.  The reviewer’s preference is for data columns because they are 
easier to visualize.    

Also, the error bars were not consistent across the figures.  Some figures included them, while 
others did not.  If error bars were included, some figures showed just the upper bar, while others showed 
both the upper and lower bar.  Most figures added a short dash at the top (and bottom) of each bar, while 
a few did not.  All of the figures should be standardized.  It is recommended to show only the top error 
bars with a dash, where appropriate.  

General Comment 7: 

The order of the data in many of the figures was confusing and inconsistent.  The two examples 
discussed below refer to the tree swallow MEP, but the same issue was noted elsewhere: 
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x	 Figure 4.2a showed geometric mean blood Hg levels in swallows from Sudbury River reaches, 
BERA background locations, and other non BERA-related locations, arranged from lowest (left) to 
highest (right). 

x	 Figure 4.2b showed mean blood Hg levels in swallows from various locations in no apparent 
order.   

It is recommended to consistently format all the figures as follows: 

x	 Place all of the Sudbury River sampling locations in the left half of the figure, and the background 
sampling sites in the right half of the figure.  Any additional, non BERA-related locations should 
be placed to the extreme right of the figure. 

x	 Arrange the Sudbury River locations from “upstream” (left) to “downstream” (right). 

x	 Insert a vertical bar in each figure to clearly separate the Sudbury River locations from the BERA 
background locations from the non-BERA locations. The order of presentation of the BERA 
background locations and non-BERA locations is not important, but should be the same 
throughout all of the figures.  

x	 Use consistent fonts across figures and add legends to each figure, where required,  

A consistent data presentation would make it easier to compare trends across figures.  Currently, 
the sampling locations switch position from one figure to the next. This situation makes it a challenge to 
visualize patterns in the data across locations or species.  Also, presenting the tissue residue data for the 
Sudbury River sampling locations from “upstream” to “downstream” would better reflect the overall 
structure of the BERA to which these MEPs will be appended.  

It is recognized that some of the figures which were arranged from lowest mean (left-hand side) 
to highest mean (right-hand side) (e.g., Figure 4.2a on p. 8 in the tree swallow MEP) also included lines 
on top to indicate statistical significance.  Letters should be used instead to indicate the significant 
differences in the re-arranged figures.  

General Comment 8: 

The EPA selected the reference sites used in the BERA to correspond to specific reaches of the 
Sudbury River.  For example, the Charles River was selected as the reference site for the GMNWR, 
whereas the Sudbury Reservoir and Whitehall Reservoir were selected as reference sites for Reservoirs 
1 and 2 on the Sudbury River. 

The analysis and interpretation of the tissue residue data did not always stress this important 
distinction.  In many instances, data were simply compared across reference and Sudbury River locations 
without making the distinction between the different types of habitats represented by each location.  It is 
recommended to structure the text of the MEPs so that all of the data interpretations consistently match 
the tissue residue data from the impacted site(s) with the tissue residue data from their associated 
reference site(s).  Implementing the recommendations in General Comments 5 and 7 will also help 
clarify how the various on- and off-site sampling locations are related to each other. 

General Comment 9: 

Statistical analyses (e.g., ANOVAs and simple linear regressions) on tissue residue data were 
performed in several of the bird MEPs.  It is recommended to introduce and outline the statistical 

10




analyses in the Methods section of each of the profiles.  This will set the stage for discussing the outcome 
of the analyses in the Results and Discussion section of the MEP.  

General Comment 10: 

The tree swallow, waterfowl, and marsh bird MEPs provided Hg tissue residue data both as 
arithmetic and geometric means.  Mixing the two kinds of means was confusing and duplicative.  

The authors should provide either arithmetic means or geometric means to support all of their 
analyses and data interpretations.  Most biological data are not normally distributed and are usually better 
represented by geometric means.  On the other hand, arithmetic means tend to be higher and therefore 
more conservative than geometric means.  It is recommended to justify the choice of means in the 
Statistical Analyses subsection of the Methods section in each of the MEPs.      

General Comment 11: 

Several MEPs (e.g. Table 4.3 on p. 7 in the tree swallow MEP; Figures 1.2 and 1.3 on p. 8 and 10 
in the waterfowl MEP; Table 3.2 on p. 9 in the marsh bird MEP) provided mean Hg levels for bird tissues 
collected from the same sampling locations over two or more years.  It was incorrect to combine data 
collected over several years without first attempting to perform statistical tests to determine the presence 
of significant differences between means across years.  The reviewer realized that some of the data sets 
were too small for use in statistical analyses.  Regardless, statistical tests should have been performed 
whenever possible before pooling data across time. 

This omission was important and may call into question the validity of some of the conclusions 
derived from these pooled datasets.  It is recommended to perform the necessary statistical tests to 
determine if Hg tissue residue data can be pooled across years.  Only qualitative statements and 
conclusion should be made when comparing data sets which are too small to be subjected to statistical 
analyses. 

General Comment 12: 

The tree swallow and marsh bird MEPs provided separate interpretations for analytical data 
generated by the Brooks Rand Laboratory (BRL) and the Trace Element Research Laboratory (TERL).  It 
was not explained why it was important to differentiate between BRL and TERL data. 

This situation was highly confusing.  The tissue residues should be combined into single datasets 
if systematic differences are not believed to be present between the BRL and TERL analytical results.  It 
was noted that tissue residue were combined in this fashion (e.g., Table 4.3 on p. 8 in the tree swallow 
MEP and Table 3.2 on p. 9 in the marsh bird MEP).  Parallel statistical analyses and interpretations are 
unnecessary if the two datasets are comparable.  Conversely, the exposure profiles should have clearly 
stated the reasons why the two datasets could not be combined.  

General Comment 13: 

The numbering of the tables and figures, and the order in which they were presented in the 
MEPs, was not always clear or accurate.  For example, the first table presented in the tree swallow MEP 
appeared in §5.0 (Results and Discussion) and was numbered 4.1.  The first figure presented in the same 
MEP also appeared in §5.0 and was numbered 4.2a.  In the belted kingfisher MEP, Table 2.1 was 
followed by Table 2.3, and Table 2.2 was presented three pages after it was first mentioned in the text.  
These issues were pervasive throughout the MEPs.  

All of the tables and figures need to be properly numbered and ordered.  All the referrals to the 
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tables and figures in the text should be changed to reflect the updated numbers.    

General Comment 14: 

There was no consistency in the numbering of the sections presented in two of the MEPs. For 
example: 

x In the waterfowl MEP, §3.1 (Development of an Adverse Effects Level for Piscivorous Birds) on p. 
6 came after §3.1 (Capture Techniques) on p. 3. 

x In the marsh bird MEP, §4.1.1 (Marsh Bird Summary of Sampling Effort) on p. 7 came 
immediately after §4.0 (Results and Discussion) on p. 7. 

It is recommended to renumber the sections in the waterfowl and marsh bird MEPs. 

General Comment 15: 

The MEPs provided Hg levels as µg/g and/or ppm.  Either one of these units is appropriate since 
both represent the same quantity. However, they should not be used interchangeably.  It is therefore 
recommended to select one or the other unit and apply it consistently throughout all of the MEPs 
(including figures and tables).  It would be best to select the concentration units which match the units 
used in the BERA report to which the MEPs will be appended.  

General Comment 16: 

It is recommended that all of the MEPs be carefully edited to make them clear, well-organized, 
succinct, and consistent.  This effort would include reformatting the text, checking for grammatical 
inconsistencies, standardizing the concentration units, using a standardized mean, performing statistical 
tests before pooling different datasets, standardizing the tables and figures, ensuring that the tables and 
figures are numbered correctly, making sure that all of the published studies mentioned in the text are 
included in the reference section, removing citations from the reference section which are not mentioned 
in the text, and double-checking the accuracy of all of the references (particularly publication dates).  

3.3 Specific Comments: 

3.3.1 Mink Mercury Exposure Profile 

Mink Specific Comment 1: §3.0 Mercury Exposure in Mink, p. 3 and 4. 

x	 This section summarized studies which provided several CBRs for Hg in different tissues and 
organs in mink and otter.  However, no final values were clearly identified at the end of this 
section to compare against the Hg tissue residue levels measured in mink (and one fisher) 
captured along the Sudbury River.  The actual Lowest Observed Adverse Effect Level (LOAEL) 
for fur, brain, and liver in mink were mentioned for the first time in Table 5.2 on p. 7 of the MEP.  It 
is recommended to include these LOAELs at the close of §3.0. 

x	 The paper by Wren et al. (1986) referenced in Table 5.1 was not included in §8.0 (Literature 
Cited). Note that §8.0 should have been numbered as §7.0 instead.   

Mink Specific Comment 2: §4.0 Study Area and Methods, p. 4-6. 

x	 The first two ¶ of §4.3 (Methods for Live Trapping) did not address live trapping issues and 
should be removed. 
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x The last two ¶ of §4.3 (Methods for Live Trapping) were out of order with the rest of this section. 
They describe capturing issues and should therefore be moved to the discussion on sample 
collection in §4.1. 

x Move the text on live trapping provided in §4.3 to §4.1 (Sample Collection and Processing).  

nd
Mink Specific Comment 3: §5.0 Results and Discussion, 2  ¶, 1

st
 sentence, p. 6.

st
 The 1  sentence stated that tissue residue levels in two juvenile mink which died in the traps 
“were below published lethal levels (Table 5.1)”.  This statement was inaccurate.  The data in Table 5.1 
were not based on controlled exposure studies.  Instead, all of the tissue residues came from animals 
captured in the wild.  Those residue data cannot be used to establish lethal thresholds, unless specific 
toxicity responses were also associated with the measured Hg values in the wild.  No such responses 

st
were reported. Hence, the 1  sentence needs to be modified by removing the reference to lethal levels.    

st nd
Mink Specific Comment 4: §5.0 Results and Discussion, 1  ¶, 2  sentence, p. 7. 

The conclusion provided in this sentence (“… mink regularly foraging on aquatic organisms from 
Sudbury Reservoir and Reservoirs 1 and 2 tend to have higher Hg body burden [than a fisher, Martes 
pennanti]”) is not supported by the data.  Only one fisher was sampled in the study.  It was inappropriate 
to draw generalized conclusions by comparing tissue residue data from mink (n =  5) to data from a single 
fisher. In addition, the statement “mink regularly foraging on aquatic organisms” was based on 
speculation because no location-specific diet analyses were performed.  It is not known which fraction of 
the minks’ diet was aquatic versus terrestrial.  It is recommended to remove this sentence from the MEP.  

nd
Mink Specific Comment 5: §5.0 Results and Discussion, 2  ¶, 1

st
 sentence, p. 7. 

This sentence reads as follows: “It appears, based on one mink with elevated fur Hg levels, that 
Reservoir 2 could pose a risk to mink”.  The conclusion was not supported by the data because only a 
single mink was captured from Reservoir 2.  No generalized conclusions can be made based on one data 
point. 

The sentence should be rephrased as follows: “The one mink trapped from Reservoir 2 had a fur 
Hg level about three times higher than the LOAEL (58.6 ppm versus 20 ppm).  This animal could 
potentially be at risk from Hg exposure”.  However, the next sentence indicated that there may have been 
a laboratory discrepancy in analyzing duplicate fur samples.  The fur residue value for the mink from 
Reservoir 2 should be carefully reviewed because it was suspiciously high.  This data point should be 
removed from the dataset altogether if there is a plausible doubt as to its validity.  

Mink Specific Comment 6: §5.0 Results and Discussion, Table 5.3, p. 7. 

This table presents mean Hg levels in blood, brain, liver, and fur from mink sampled in Maine and 
Massachusetts. A footnote needs to be appended to this table to reference the source for the Maine 
tissue residue data.  

st nd
Mink Specific Comment 7: §6.0 Conclusions, 1  bullet, 2  sentence, p. 8. 

This sentence reads as follows: “Tissue Hg levels were generally greater than one order of 
magnitude lower than the LOAEL”.  It is suggested to rephrase the sentence as follows: “The LOAELs 
were in general one order of magnitude higher than the tissue Hg levels”. 
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rd
Mink Specific Comment 8: §6.0 Conclusions, 3  bullet, p. 8. 

The sentence reads as follows: “Blood Hg level patterns increased by site: Reservoir 1 < Sudbury 
River < Reservoir 2”.  This observation was not supported by the data.  Reservoir 1 yielded three mink, 
whereas the Sudbury River (Great Meadows) and Reservoir 2 each yielded only one mink.  No valid 
conclusions can be made based on a single data point.  It is recommended to remove this sentence from 
the conclusion. 

th
Mink Specific Comment 9: §6.0 Conclusions, 4  bullet, p. 8. 

This sentence reads as follows: “Mink brain Hg levels did not exceed the LOAEL of 2.0 ppm”.  
The brain threshold level was in error.  Table 5.2 indicated a LOAEL for Hg in brain of 5.0 ppm.  Also, the 
conclusion was too broad considering that it was based on data from two mink captured from one location 
(Reservoir 1).  

It is recommended to rewrite the sentence as follows: “The brain Hg levels measured in the two 
mink captured from Reservoir No. 1 did not exceed the LOAEL of 5.0 ppm”.  

Mink Specific Comment 10: §6.0 Conclusions, last bullet, p. 8. 

This sentence reads as follows: “Mink Hg levels are worthwhile indicators of risk,…”.  This 
statement is incorrect.  Collecting tissue samples from wild organisms provides only a measure of 
exposure. The potential for risk is determined by comparing measured tissue residues against published 
CBRs or site-specific measures of effect (e.g., reproductive fitness, growth, etc.).  The sentence should 
be modified by changing the word “risk” for “exposure”.    

3.3.2 Tree Swallow Mercury Exposure Profile 

Tree Swallow General Comment 1: 

The MEP should focus on interpreting the tissue residue data within the relatively narrow confines 
of the Sudbury River BERA. The text drifted into a broader pattern of analysis by including data from 
unrelated locations in other states (e.g., Figure 4.2a, Figure 4.3, Figure 4.4).  It can be useful to include 
such data sets to provide perspective, as was done in Table 4.3.  It becomes distracting and confusing, 
however, when those unrelated data become incorporated into the statistical analysis (e.g., Figure 4.2a) 
or data interpretation.  It is recommended to minimize the graphing of tissue residue data which were 
unrelated to the Sudbury River BERA sampling program. 

Tree Swallow General Comment 2: 

The MEP summarized a lot of statistical analyses but did not provide a coherent picture of 
exposure to Hg by tree swallows in the Sudbury River.  The data analysis and interpretation appeared 
haphazard and unfocused.  For example, the text did not consistently compare tissue residue levels 
measured in the various Sudbury River locations to their respective background locations.  Such a 
comparison is needed to place the data interpretation and discussion within a risk-based framework.  It 
also represents a key component of the BERA.  

It seems unlikely that a reader unfamiliar with the site and the sampling locations would gain a 
clear understanding of the level of Hg exposure and potential for risk to tree swallows nesting and feeding 
along the Sudbury River.  This MEP needs substantial editing and re-writing in order to achieve this goal.      
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Tree Swallow Specific Comment 1: §3.0 Mercury Exposure in Swallows, p. 2-4. 

This section provided CBRs for Hg in blood and eggs of tree swallows.  However, it did not 
provide such thresholds for Hg in feathers, even though feathers were collected (see Table 4.1 on p. 5) 
and the feather Hg data were compared across sampling locations (see Figures 4.4 to 4.8).  It is 
inconsistent to assess the potential for risk to tree swallows based on egg and blood Hg tissue levels, but 
not for feather Hg tissue levels.  

It is recommended to either include a CBR for Hg in feathers and use that value as a separate 
line of evidence to estimate the potential for ecological risk to adult tree swallows, or include a ¶ in §3.0 
explaining why a CBR for Hg in tree swallow feathers was not provided and used in the MEP.  

Tree Swallow Specific Comment 2: §3.0 Mercury Exposure in Swallows, 1
st

 ¶, last sentence, p. 3. 

This sentence stated that swallow eggs were considered to be more sensitive to MeHg than 
mallard eggs.  This claim should be supported with a reference because it had a significant impact on the 
estimated value of the effect CBR for Hg in tree swallow eggs (i.e., 0.60 ppm, ww).        

nd
Tree Swallow Specific Comment 3: §4.0 Study Area and Nest Box Methods, 1

st
 ¶, 2  sentence, p. 

4. 

The second half of the sentence states that blood samples were collected from nestling swallows 
for Hg analysis.  Two additional terms, namely chicks and juveniles, were used interchangeably in the 
MEP to describe this life stage.  It is recommended to apply the term “nestling” throughout the MEP 
because it is the most descriptive word.  The term “juveniles” should be avoided because it could be 
confused with one year-old adults.  

nd th
Tree Swallow Specific Comment 4: §5.2.3 Brooks Rand Data Only For Adult Blood Hg, 2  ¶, 4
sentence, p. 9. 

The title for §5.2.3 inferred that this subsection would discuss only tissue residue data analyzed 
by BRL. The sentence of interest to this specific comment reads as follows: ”We combined both lab’s 
data because only Sudbury Reservoir and Reservoirs 1 and 2 nestling blood samples were analyzed at 
Brooks rand and the rest at TERL”.  This sentence indicated that the statistical analysis used data 
generated by both BRL and TERL, which contradicted the heading for this subsection.   

th
It is recommended to include a separate subsection heading for the 4  ¶ to clearly separate out 

to two sets of data.  On the other hand, it may be more appropriate to combine the data sets generated 
by the two laboratories, as suggested in General Comment 12. This issue needs to be resolved. 

Tree Swallow Specific Comment 5: §5.2.3 Brooks Rand Data Only For Adult Blood Hg, Figure 4.3, 
p. 10.

The two blood Hg data points collected from a hooded merganser on Whitehall Reservoir did not 
belong in Figure 4.3 because the MEPs are meant to be species-specific.  These two data points should 
be removed from Figure 4.3. 

Tree Swallow Specific Comment 6: §5.2.4 Feather Mercury, Figure 4.7,p. 14. 

A line was drawn across all of the feather Hg data point distributions shown in Figure 4.7.  This 
line indicated a feather Hg concentration of around 1.85 ppm.  Neither the figure nor the text explained 
what this line represented.  The same situation occurred in Figure 4.10 (p. 16) which showed the tree 
swallow egg concentrations. 
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It is recommended to either remove the line from the figure or add a footnote to the figure 
explaining its the meaning.  The line should be removed if it represents an overall average concentration 
across all of the impacted and unimpacted sampling locations.  Such a value does not provide useful 
decision-making information.  

Tree Swallow Specific Comment 7: §5.2.5 Eggs Total Hg, 1
st

 ¶, p. 15. 

The information about the egg injection study by Heinz (2003) discussed in this ¶ is redundant 
because it was already discussed in §3.0 of the MEP. The ¶ should be removed (see also the next 
specific comment) 

Tree Swallow Specific Comment 8: §5.2.5 Eggs Total Hg, Figure 4.9, p. 15. 

Figure 4.9 shows the relationship between blood Hg levels and egg Hg levels.  This figure should 
be moved to §3.0 (p. 3) of the MEP in the ¶ that described deriving CBRs for Hg in blood based on the 
egg injection study performed by Heinz (2003). 

However, several important inconsistencies were noted between the data summarized in Figure 
4.9 and the information provided in §3.0 of the MEP: 

ndx The 2  ¶ on p. 3 stated that BRI had developed a regression model for predicting blood Hg levels 
from egg Hg levels [blood Hg = 2.1115(egg Hg) + 0.1118]. The regression shown in Figure 4.9 
[egg Hg = 0.2314 (blood Hg) + 0.0418] did the opposite: it estimated egg Hg levels based on 
blood Hg levels. Yet, on both p. 3 and p. 15, the MEP stated that these different regression 
equation produced the same threshold value for Hg in blood, which is obviously incorrect. 

ndx The 2  ¶ on p. 3 stated that the BRI regression model predicted that, on average, 1.38 ppm (ww) 
of Hg in tree swallow blood would result in the threshold of effects in tree swallow eggs equal to 
0.60 ppm (ww). Plugging this blood value in the regression equation [egg Hg = 0.2314 (blood 
Hg) + 0.0418] yielded 0.36 ppm (ww), which is about 10% lower than the expected value.  The 
correct blood value for effects in eggs appears to be around 1.52 ppm (ww).  

ndx The 2  ¶ on p. 3 stated that 99 paired eggs and blood Hg levels were available, whereas the text 
associated with Figure 4.9 (§5.2.5 on p. 15) referred to 85 paired samples. 

These significant inconsistencies need to be corrected.  It should be noted that the same general 
issues were present in the marsh bird MEP.  

nd
Tree Swallow Specific Comment 9: §5.2.5 Eggs Total Hg, 1

st
 ¶, 2  sentence, p. 15. 

§3.0 in the tree swallow MEP stated that the egg injection study by Heinz (2003) established a 
nd

preliminary no effect CBR for MeHg in tree swallow eggs equal to 0.40 ppm (ww).  The 2  sentence in 
§5.2.5 contradicted this view by referring to the 0.40 ppm as a Lowest Observed Adverse Effect Level 
(LOAEL), which equates to an effect level..  The first interpretation was correct and should be applied 
throughout the MEP. The target sentence should be modified accordingly. 

th
Tree Swallow Specific Comment 10: §6.0 Conclusions, 4  bullet, p. 17. 

The conclusion stated that Hg levels in swallow eggs were lower than “adverse effects levels (i.e., 
0.4 ppm)”. As discussed in the previous Specific Comment, 0.40 ppm of Hg in swallow eggs represented 
a no effect level. The conclusion needs to be modified by referring to 0.40 ppm of Hg in eggs as a no 
adverse effect level. 
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th
Tree Swallow Specific Comment 11: §6.0 Conclusions, 5  bullet, p. 17. 

The conclusion reads as follows: “There was general agreement among Hg levels within a 
sampling location for adult blood, juvenile blood, and eggs”.  This statement was incomplete because it 
did not specify what the term “general agreement” referred to.  The conclusion should be clarified 
accordingly. 

th
Tree Swallow Specific Comment 12: §6.0 Conclusions, 6  bullet, p. 17. 

The conclusion reads as follows: “Adult blood Hg levels increase significantly between early in the 
breeding season (during [egg] incubation) to later in the breeding season (during chick rearing)”.  This 
conclusion was not supported by the data provided in Figure 4.3 on p. 10 for the tree swallows captured 
from the Sudbury River locations or their associated background locations.  

x	 Figure 4.3 should not have included Hg blood level data from tree swallows captured at locations 
geographically unrelated to the Sudbury river or the BERA background locations.  The reason is 
that any Hg signal from blood samples collected within the BERA target area could be distorted, 
and hence misinterpreted, by the presence of data from other regions. 

x	 Figure 4.3 provided six paired blood Hg levels for tree swallows captured in the same area but at 
two different times from three Sudbury River locations (i.e., Reservoir 1, Heard Pond, and 
Sudbury River [=GMNWR]) and two background locations (i.e., Charles River and Whitehall 
Reservoir).  Blood Hg levels increased between the two sampling dates for three swallows, but 
stayed unchanged or decreased between the two sampling dates for the other three other 
swallows. 

x	 It was inappropriate to use the term “significant” in the conclusion statement because such a term 
suggested statistical testing which was not performed on this small dataset. 

It is recommended to rephrase the conclusion as follows: 

“An inconclusive pattern was observed in the blood Hg levels of adult swallows captured from three 
Sudbury River locations and two background locations during egg incubation and chick rearing.  Even 
though blood Hg levels increased substantially in three birds (one from the Charles River and two from 
GMNWR), it remained the same in one bird (Delaney) and decreased in two other birds (Reservoir 2 and 
Heard Pond).  The lack of a consistent pattern may have reflected the small dataset (n = 6).    

Tree Swallow Specific Comment 13: §7.0 Literature Cited, p. 18. 

The following references were mentioned in the MEP but were not included in §7.0: 

x Baron et al. (1999) 

x Heinz (2003) 

x Heinz and Hoffman (2005) 

3.3.3 Kingfisher Mercury Exposure Profile 

st st nd
Kingfisher Specific Comment 1: §5.2 Summary of Mercury Exposure, 1  ¶, 1  and 2  sentence, p. 
6.

st
 The 1  sentence stated that all of the kingfishers had Hg levels in their blood and feathers that 
were below recognized adverse effect levels for piscivores.  The sentence referred to Table 2.3 
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(Arithmetic means of kingfisher blood and feather Hg levels, 2003), Figure 2.1 (Belted kingfisher blood Hg 
levels), and Figure 2.2 (Belted Kingfisher feather Hg levels) in support of this statement.  The table and 

nd
two figures did not provide these thresholds.  Instead, the 2  sentence provided a toxicity threshold for 
Hg in blood (3.0 ppm, ww) and feathers (40 ppm, fw).  

It is recommended to discuss the CBRs earlier in the MEP.  The process used to select the CBRs 
for blood and feathers needs to be better explained.  Currently, the second sentence only provides the 
CBRs and two references but no additional details on the studies or why they were appropriate to use 
with the kingfisher residue data. 

3.3.4 Waterfowl Mercury Exposure Profile 

Waterfowl General Comment 1: 

Nest boxes were deployed on Reservoirs No. 1 and 2 to attract hooded mergansers, as depicted 
in Appendix 1.3.  These boxes yielded insufficient bird tissue because: (a) they were deployed too late in 
the spring and (b) the shoreline along the two Sudbury River reservoirs represented sub-optimal habitat 
for the hooded merganser. 

It is recommended to include a short ¶ in §3.0 (Study Area and Nest Box Methods) explaining 
that unsuccessful attempts were made to collect waterfowl tissues from the two Sudbury River reservoirs.   

st
Waterfowl Specific Comment 1: §3.1.3 Nest Box Monitoring, 1

st
 ¶,1  sentence, p. 4.

st
 The 1  sentence reads as follows; “Nest boxes were checked every 2-3 days from approximately 
May 1 until the fate of the box was determined”.  The second half of this sentence was confusing because 
it is unclear what was meant by the fate of the box.  This sentence should be rewritten to state more 
precisely what decision was used to stop checking a nest box. 

st
Waterfowl Specific Comment 2: §3.2 Tissue Sample Collection and Processing, 1

st
 ¶, 1  sentence, 

p. 4.

Waterfowl were sampled for eggs, blood, and feathers.  The feather sampling effort is 
summarized in Table 1.1.  Yet, the profile did not develop an adverse effect level for Hg in feathers, nor 
did it summarize or plot the Hg concentrations in waterfowl feathers.  

It is recommended to either include a short ¶ in §4.2 (Summary of Mercury Exposure) on p. 7 
explaining why the feather data were excluded from the statistical analysis, or incorporate the feather 
data in the discussion.  It was noted that §5.2 on p. 6 of the kingfisher MEP provided an effect level for Hg 
in feathers of an avian piscivore equal to 40 ppm.  This value should have been used in the hooded 
merganser assessment to estimate the potential for adverse ecological risk.      

Waterfowl Specific Comment 3: §4.1 Summary of Sampling Efforts, last ¶, p. 7. 

This ¶ stated that: (1) all nests in 2003 were revisited three weeks later in the season to 
determine the fate of the clutch at which time all ducks were still incubating, and (2) these nests were 
revisited two weeks later to collect unhatched eggs or eggshells. 

This ¶ did not match the information provided in §3.1.3 (Nest Box Monitoring) on p. 4 which 
stated that the nest boxes were checked every 2-3 days from about May 1 “until the fate of the box was 
determined”.  It is also unclear how many unhatched eggs were collected and if these eggs were 
analyzed for Hg.  If so, then the analytical data should be presented and discussed.  Finally, this ¶ only 
referred to 2003, even though tissue samples from waterfowl were also collected in 2004 and 2005 (see 
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§3.0 Study Area and Nest Box Methods on p. 3).      

These apparent discrepancies and inconsistencies should be clarified in the profile. 

Waterfowl Specific Comment 4: §4.2 Summary of Mercury Exposure, Table 1.2, p. 7. 

x	 Table 1.2 indicated that the wood duck blood Hg levels ranged from 0.012 to 0.42 ppm.  
st

However, the 1  ¶ in §4.2 (Summary of Mercury Exposure) on p. 7 stated that the lowest blood 
Hg level equaled 0.12 ppm.  Appendix 1.7 at the end of the MEP showed the lowest blood value 
as 0.012 ppm. The error in the text should be corrected. 

x	 The term “Combined sites, MA” was confusing because it implied that all of the MA sites 
presented in Table 1.1 were included in this designation.  Instead, the sample size (n = 7) and the 
range of the data (0.012 – 0.082 ppm) associated with this term indicated that it referred only to 
the two reference sites (i.e., Delaney Wildlife Management Area and Sudbury Reservoir). It is 
recommended to use the term “Combined reference sites, MA” to avoid any confusion.  The 
same issue occurred in Table 1.3 (p. 7). 

x	 The maximum blood Hg value measured in breeding adult female wood ducks captured from the 
GMNWR (called “Sudbury River” in Table 1.2) equaled 0.421 ppm. Appendix 1.7 indicated that 
this value was between 5 and 20 higher than all of the other wood duck blood Hg concentrations 
obtained at the GMNWR. It is suggested to determine if this data point qualifies as a statistical 
outlier. It is understood that such an analysis may not be possible given the relatively small 
number of wood duck blood samples (n = 6) collected from the GMNWR.  If a statistical analysis 

st
cannot be performed to justify removal, then it is recommended to add a sentence to the 1  ¶ in 
§4.2 indicating that this value appeared out of range compared to the other values from GMNWR.   

Waterfowl Specific Comment 5: §4.2 Summary of Mercury Exposure, last ¶, last sentence, p. 9. 

The last sentence reads as follows: “However, because prey fish eaten by common mergansers 
are similar in size as those taken by the great blue heron, blood Hg levels of the heron could 
hypothetically be approximately 3x those of the hooded merganser”.  

The logic in this sentence was not clear.  It is recommended to provide an explanation about the 
link between merganser and heron blood Hg levels.  

rd
Waterfowl Specific Comment 6: §5.0 Conclusions, 3  bullet, p. 11.

rd
 The 3  bullet reads as follows: “Mean blood and egg Hg levels for the two focal species from the 
same site (Delaney WMA) indicate hooded mergansers tend to be 6x higher in Hg burdens than the wood 
duck.” 

It is recommended to add the following sentence to this conclusion: “This pattern is not 
unexpected because the hooded merganser is largely piscivorous, whereas the wood duck is an 
omnivore feeding on aquatic and terrestrial invertebrates, nuts, and grains.”  

th
Waterfowl Specific Comment 7: §5.0 Conclusions, 5  bullet, p. 11.

th
 The 5  bullet reads as follows: “Using an adverse effects level of 1.3 µg/g (ww) in the egg 
indicate that 13% of the hooded merganser eggs are at risk on the Sudbury River”. 

It is recommended to rephrase this conclusion as follows: “Three out of 23 eggs collected from 
hooded mergansers on the Sudbury River exceeded the adverse effect level of 1.3 ppm (ww). One of 
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two hooded merganser eggs collected on the Charles River (reference site) also exceeded this threshold. 
Moreover, this one tissue residue value (2.425 ppm, ww) was the highest measured at the two sites.  The 
limited egg dataset from the Charles River prevents determining if the three Sudbury River eggs which 
exceed the effects threshold indicate a site-specific signal or more generalized background Hg levels”.   

Waterfowl Specific Comment 8: Appendices 

x	 An additional map should be included to show how the various sampling locations on and off the 
Sudbury River are spatially related to each other. 

x	 Appendices 1.2 to 1.5 included color-coded symbols associated with values.  These values 
seemed to refer to Hg concentration ranges, even though the units were missing (assumed to be 
ppm). 

3.3.5 Marsh bird Mercury Exposure Profile 

Marsh Bird General Comment 1:  

Figures 3.2, 3.3, 3.4, and 3.5 provided species-specific geometric mean blood Hg concentrations 
measured in Heard Pond, Middle Sudbury River, Macon’s Sudbury River, and the Charles River, 
respectively.  It was a real challenge to compare species across locations because the date were spread 
over four figures and were arranged by increasing mean value, instead of by species. 

If possible, it is recommended to combine all of these data into one comprehensive figure.  This 
recommendation should make it much easier to directly compare mean blood Hg levels across species 
and sampling locations. It will also simplify the MEP by removing three of the figures.  

st
Marsh Bird Specific Comment 1: §3.1 Development of an Adverse Effect Level for Songbirds, 1  ¶, 
last sentence, p. 5. 

The last reference in this¶ is currently cited as Heinz and Hoffman (2005).  The correct citation is 
Heinz and Hoffman (2003).  This error should be corrected in the text and in § 5.0 (Literature Cited).  

nd
Marsh Bird Specific Comment 2: §3.1 Development of an Adverse Effect Level for Songbirds, 2
¶, last sentence, p. 5. 

The text should specify that the egg and blood residue data used in the linear regression analysis 
were obtained from tree swallows.  This issue needs to be clarified so that the reader understands that 
the proposed no effect and effect blood threshold levels for marsh birds were derived from tree swallow 
data. 

rd
Marsh Bird Specific Comment 3: §4.1.3 Marsh bird Summary of Mercury Exposure,1

st
 ¶, 3

sentence, p. 8. 

x	 This sentence reads as follows: “There was a significant difference between juvenile and adult 
blood Hg levels in swamp (p<0.002) and song Sparrows (p<0.001)…”.  The information 
summarized in Table 3.2 (p. 9) indicated that there were several important caveats to this 
statement. Specifically: 

o	 Only one adult swamp sparrow (versus six juveniles) was collected from the Charles River. 
o	 The average blood Hg levels in adult and juvenile swamp sparrows collected from Heard 

Pond both equaled 0.32 ppm. 
o	 Seven adult song sparrows (but no juveniles) and three juvenile swamp sparrows (but no 
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x 

adults) were collected from Macone’s on the Sudbury River. 

It is recommended to use letters in Table 3.2 to clearly indicate which pairs of adult and juvenile 
song sparrows and swamp sparrows datasets were responsible for the significant difference 
highlighted in the target sentence. 

The term “juvenile” needs to be clearly defined.  It is unclear if it refers to young-of-the-year 
fledglings or to one year-old adults. 

nd
Marsh Bird Specific Comment 4: §4.1.3 Marsh bird Summary of Mercury Exposure, 2  ¶, 1

st 

sentence, p. 9. 

The target sentence referred to Figure 3.2 (p. 12) to show that the highest blood Hg levels were 
measured in a northern water thrush and a red-winged blackbird on the Sudbury River near Heard Pond, 
and that these values were about six times higher than in the same species captured on the Charles 
River. Instead, Figure 3.2 provided mean blood Hg levels in songbirds (including one data point for 
northern water thrush and the mean of four data points for red-winged black birds) sampled on Heard 
Pond only. The target sentence needs to be rephrased to refer to the correct figure(s) in order to support 
its conclusion. 

th
Marsh Bird Specific Comment 5: §4.1.3 Marsh bird Summary of Mercury Exposure, 5  ¶, last 
sentence, p. 10. 

The target sentence reads as follows: “Figures 3.1 and 3.6-3.7 summarize data analyzed at 
Brooks Rand lab only”.  The caption to Figure 3.1 indicated that the data depicted in this figure 
represented BRL and TERL data combined. This inconsistency needs to be resolved.  

Marsh Bird Specific Comment 6: §4.1.3 Marsh bird Summary of Mercury Exposure, Figure 3.1, p. 
11. 

The acronyms for the common names of the bird species depicted in this figure (and in Figures 
3.2 to 3.5 that follow) were not defined in the text.  It is recommended to include these acronyms in 
parentheses after the species names provided in Table 3.2. 

4.0 SUMMARY AND CONCLUSIONS 

The EPA requested ESAT to: (1) compare the Hg CBRs and TRVs derived independently by 
ESAT and BRI, and (2) provide technical comments on five reports prepared by BRI summarizing bird 
and mammal tissue residue data obtained from the Sudbury River and surrounding reference areas.  

The CBR comparison showed that the no effect and effect tissue residue levels, when developed 
both by ESAT and BRI, where generally within a comparable range. TRVs, on the other hand, could not 
be compared because BRI did not develop or use these values in their MEPs. 

The review of the five MEPs generated substantial comments. There were issues with the report 
formatting, data analysis, clarity of the text, figures and tables, and conclusions. The MEPs will need 
major rewriting before the can be appended to the BERA report. 
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Attachment 1: Comparing ESAT-derived to BRI-derived CBRs for birds and mammals 

Tissue 
Type 

ESAT-Derived CBRs
a 

BRI-derived CBRs
b 

No Effect Effect No Effect Reference Effect Reference 
c 

PISCIVOROUS BIRDS 

Blood 1.25 3.0 Evers et al., 2004 

Feathers 9.1 40.0 Spalding et al., 2000 

Eggs 0.5 1.0 1.3 Evers et al., 2003 

SONG BIRDS 

Blood 1.25 0.96 Evers & Lane, 2006 1.38 Evers & Lane, 2006 

Feathers 1.2 

Eggs 0.8 1.6 0.40 Heinz, 2003 0.6 Evers & Lane, 2006 

MAMMALS (MINK) 

Blood 0.63 1.5 

Fur 7.7 19.0 20.0 Mierle et al., 2000 

Brain 5.0 Basu et al., 2005 

Liver 20.0 Wobeser & Swift, 1976 

Note: all of the CBRs are provided in units of mg/kg (wet weight) 

BRI = BioDiversity Research Institute 
CBR = Critical Body Residue 
ESAT = Environmental Services and Assistance Team 

= no value or reference available 

a
 The ESAT-derived CBRs were summarized in an interim deliverable technical memorandum submitted to the EPA on October 31, 

2006 under Technical Direction Form No. 402. 

b
 The BRI-derived CBRs were discussed in five reports (Tree Swallow Mercury Exposure Profile, Waterfowl Mercury Exposure 

Profile, Belted Kingfisher Mercury Exposure Profile, Marshbird Mercury Exposure Profile, and Mink Mercury Exposure Profile) 
submitted by BRI to Avatar Environmental on July 10, 2006. 
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INTRODUCTION 

The Sudbury River in eastern Massachusetts has been contaminated by chemical 

wastes originating from the Nyanza Chemical Waste Dump Site (Nyanza Site) in the town of 

Ashland. Large quantities of mercury (Hg), a toxic metal with no known essential function, 

were released to the environment at the Nyanza Site (NUS Corporation 1992). The 

he-grained sediments in downstream reaches of the Sudbury River now contain a substantial 

reservoir of inorganic mercury (Fsazier et al. 1997), posing a potential hazard to biota 

inhabiting the river and its adjoining wetlands. Elevated concentrations of mercury have 

been found in fish taken downstream from the Nyanza Site (NUS Corporation 1992), but it 

was not known whether the mercury accumulating in fish and other biota was from 

contaminated sediments or from other inputs to the river. 

Information on the bioavailability of mercury in contaminated sediments in the 

Sudbury River and its floodplain is needed to assess the potential entry of methylmercury 

(MeHg) into aquatic food chains supporting fish, piscivorous wildlife, and higher trophic 

.levels. Potential sources of MeHg to riv'erine biota include methylation of inorganic mercury 

in flowing reaches, reservoirs, riverine lakes, and adjoining wetlands (St. Louis et al. 1994; 

Hurley et al. 1995; Krabbenhoft et al. 1995; Rudd 1995). Methylmercury may also enter 

the river in atmospheric deposition (Bloom and Watras 1989; Rudd 1995). . 

In the present study, the bioavailability of mercury in fine-grained, surficial sediments 

from the Sudbury River was assessed in bioaccumulation tests with,burrowing mayfly 

nymphs (Hexagenia) experimentally exposed to sediments from the river basin. The 

burrowing mayfly Hexagenia is a benthic detritivore common in many North American rivers 

and is present in the Sudbury River. Burrowing mayflies are potentially important in the 

trophic transfer of MeHg because of their importance in the diets of fish (Fremling 1964) and 

certain waterfowl (Korschgen 1989). Hexagenia nymphs select substrates with high organic 

and silt content (Wright and Mattice 1981), an association that increases nymphal exposure to 

sediment-associated contaminants. 

The use of Haagenia nymphs as test organisms has been validated in laboratory tests 

(Fremling and Mauck 1980; Henry et al. 1986); including bioaccumulation tests with 

inorganic mercury and MeHg (Saouter et al. 1991a,b,c, 1993; Odin et a1. 1994, 1995). ' 



-X Nymphs of Hexagenia mayflies readily bioaccumulate MeHg associated with ingested 

sediment and detritus (Saouter et al. 1991b, 1993; Odin et al. 1994, 1995). Bioaccumulation 

tests with Hexagenia, therefore, provide an indirect measure of the production of MeHg 

deposited in mercury-contaminated surficial sediments and of the potential entry (flux) of 

MeHg into the benthic food chain. 

Our objectives were (1) to determine if Hexagenia mayfly nymphs exposed to 

mercury-contaminated surficial sediment from the Sudbury River accumulate MeHg; (2) to 

determine if the accumulation of MeHg in mayflies is a function of the MIg concentration in 

sediment; and (3) to assess which contaminated areas on the Sudbury River have the greatest 

potential for MeHg transfer into the benthic food chain. 

METHODS 

Experimental Approach 

Four 21-day bioaccumulation tests were conducted with nymphs of Hexagenia 

experimentally exposed to sediments from the river basin. In 1994, two bioaccumulation 

tests were conducted with sediments sampled from impoundments, flowing reaches, and a 

riverine lake during July (test 1) and September (test 2). In 1995, the bioaccumulation tests 

focused on riparian wetland areas within the river floodplain, with sediments obtained in May 

(test 3) and September (test 4). 

The microbial methylating activity in aquatic sediments follows an annual cycle that is 

closely linked to temperature, with peak MeHg production occurring during the warmest 

months (Ramlal et al. 1993). Our sediment sampling was done in May, July, and 

September--months of active MeHg production in the sediments (Ramlal et al. 1993). Each 

bioaccumulation test employed a randomized block experimental design and included either 

six replicates of six sediment treatments (tests 1 and 2) or nine replicates of four sediment 

treatments (tests 3 and 4). 

Test Sediments 

Sediments for the four tests were obtained from nine study areas, with each study area 

(sediment source) representing a treatment in our tests. In tests 1 and 2, sediments were 

obtained from four depositional areas and two free-flowing reaches in the Sudbury River 



basin (Figure 1). Three of the depositional areas (Rese~oir1, Reservoir 2, and Fairhaven 

Bay) are contaminated-depositional areas that span the mercury-contamination gradient 

attributed to the Nyanza Site (NUS Corporation 1992). The fourth depositional area, the 

Whitehall Reservoir, is a reference-depositional area that has not been directly contaminated 

by wastes from the Nyanza Site. The two free-flowing reaches include one contaminated site 

(flowing through the Great Meadows National Wildlife Refuge) and one upstream reference 

site that has not been directly contaminated by wastes from the Nyanza Site. Test sediments 

for tests 3 and 4 were obtained from four study areas, including two contaminated wetlands 

(both containing mercury from the Nyanza Site), one reference wetland (Hop Brook Wetland, 

not measurably contaminated by mercury from the Nyanza Site), and one contaminated 

depositional area (Fairhaven Bay; Figure 1). Sediments from Fairhaven Bay were included 

in a l l  four tests to facilitate comparison of test results between years. 

Within each area, sediment was obtained from randomly selected sampling sites, 

identified by latitude and.longitude coordinates. The spatial randomization of sampling 

allows extrapolation of test data from the sampled sites to the soft sediments within a defined 

study area. When sampling in the wetland reaches, we first located the randomly selected 

position in the main channel of the stream and next we randomly selected a sampling site in 

the adjoining floodplain within 10 m (in 1-m increments) of either the left or right 

descending stream bank. 

Surficial sediments (uppermost 4 to 6 cm) for tests 1 and 2 were obtained with a Van 

Veen sampler following methods in ASTM (1992), and sediments for test 3 were taken with 

an Ekrnan grab sampler (ASTM 1992). During test 4, sediments in the three wetland areas 

were exposed due to low water levels, and sampling of wetland sediments was done with a 

stainless steel spatula. In Fairhaven Bay, sediments for test 4 were taken with an Ekman 

sampler. During all tests, sediment from each sampling site was passed through a 2-mm 

Nalgene' sieve and placed into a 1.9-L Nalgene' container with a screw top. One container 

of sediment was obtained from each sampling site. Containers of test sediment were held on 

ice in the field and later stored at 10 f S°C for a maximum of 24 days before beginning a 

bioaccumulation test. 

In the laboratory, bulk test sediments were characterized by volatilematter content 

(by loss on ignition at 550°C), water content, and the wet to dry weight ratio (APHA et at. 



1995). In addition, the texture of test sediments was determined with the sieve-pipet method 

(Guy 1969, Plumb 1981); two particle sizes were delineated: sand (62-2000 pm) and silt 

plus clay (<62 pm). 

Test Organism 

Hexagenia mayfly nymphs (almost entirely H. bilineaca) were obtained from Pool 8 

of the Upper Mississippi River within 1 day of the start of each bioaccumulation test. 

Concentrations of mercury are very low in Hexagenia mayflies and sediments from this reach , 

of the Mississippi River pukerschein et al. 1992; Beauvais et al. 1995). 

Bioaccumulation Tests 

The experimental unit in each 21-day bioaccumulation test was a 4-L glass beaker 

containing sediment from a given sampling site. Each 4.0-L beaker held 725 mL of wet test 

sediment and 2,900 mL of test water, providing a 4:l (v:v) water:sediment ratio. During the 

addition of test sediment to beakers, a sample (>10 g wet weight) of the sediment allocated 

to each beaker, along with duplicate subsamples of four to six randomly selected test 

sediments, were placed into 125-mL Nalgene* containers. Samples of test sediment were 

stored in a freezer at 5 -15°C until analyzed for EHg. 

Each beaker was covered with a 20-cm diameter watch glass to reduce evaporation of 

test water. The 36 experimental units were held within two 900-L water baths, and a 

temperature of 20 )2°C was maintained by a recirculation pump. A 16-hour light, &hour 

dark photoperiod was maintained. 

The overlying test water was soft, similar in hardness and pH to water from the 

Sudbury River. The test water was prepared by adding 36 mg/L NaHCQ, 7.5 mg/L CaS04, 

7.5 mg/L MgSO,, and 0.009 mWL 36N H2S04 to deionized water. During the four tests, 

the initial test water before sediment addition had a mean pH of 6.9, a mean conductivity of 

234 pS/cm, a mean total alkdliity of 29.1 mg CaCOJL, and a mean total hardness of 34.9 

mg CaCOJL. During each test, the overlying water in each beaker was gently aerated to 

maintain sufficient dissolved oxygen (>5 mg/L) for mayflies. Gaseous mercury (Hg") was 

removed from the air supply with two gold filters in the air line delivering air to all beakers. 



]Each mayfly nymph was measured for total length and transferred into a beaker with 

a spoon-shaped piece of Nitexo mesh attached to a glass rod. Fifteen mayfly nymphs, 

ranging from 10 to 19 mm in total length, were randomly allocated to each beaker from 7 to 

10 days after the test sediment and water had been placed into the beaker. The beginning of 

the test (day 0) was defined as the time at which mayflies were introduced into the beakers. 

On day 0 of each bioaccumulation test, three composite samples of Hexagenia mayfly 

nymphs from the Upper Mississippi River were obtained for analysis of EHg and M a g .  

Each composite sample contained 10 whole mayflies. Samples were stored at 5-15OC until 

analyzed. 

On day 21 of each bioaccumulation test, about 100 mL of overlying water, to be 

analyzed for MeHg, was taken from each beaker by immersion of a 125-mL, teflon-coated 

bottle. Samples were stored at I-lS°C until analyzed. Next, the mayflies in each beaker 

were separated from the test sediment by passing the sediment through a 2-mm ~algene' 

sieve. Mayflies retained on the sieve were removed with forceps, counted, and measured. 

Ten nymphs from each beaker were placed into a single 125-mL Nalgeneo container to yield 

one composite sample to be analyzed for CHg and MeHg; these samples were stored at 

5-15 "Cuntil analyzed. 

Water-Quality Determinations 

During each bioaccumulation test, the pH, temperature, and dissolved oxygen 

concentration in the overlying water in each beaker were measured in situ on a daily basis. 

On day 21 of each test, a water sample was taken from each beaker and analyzed for total 

hardness, total alkalinity, and conductivity. We also determined total ammonia nitrogen 

(APHA et al. 1995) in water from one randomly selected beaker from each treatment. 

Diet and Ration 

To provide a source of organic carbon to support microbial activity, each beaker 

was provided with dried, finely ground leaves of a submersed aquatic plant. In tests 1 and 

2, we used finely ground wiIdcelery (Vallisneria mericana) from Lake Onalaska (Pool 7, 

Upper Mississippi River) as a source of organic carbon. Curly pondweed (Potamogeton 

crispus) was used in tests 3 and 4 because wildcelery was not readily available when test 3 



was initiated. Freshly collected leaves were obtained from the Upper Mississippi River and 

dried in a drying oven at 104OC for 72 f 12 hours. Dried leaves were ground to a fine 

homogenate with a mortar and pestle, and stored in ~dgene '  bottles in a desiccator. 

Beginning 2 to 3 days before the start of a test, 193 f 5 mg (dry weight) of curly pondweed 

or 228 f5 mg of wildcelery were added to each beaker every third day. 

The leaves of submersed freshwater angiosperms, including curly pndweed and 

wildcelery, are about 40% organic carbon on a dry-weight basis (Barko and Smart 1983; 

Donnermeyer and Smart 1985; Duarte 1992). Thus, our rate of wildcelery and curly 

pondweed addition equated to a mean daily loading rate in our beakers of about 100 mM of 

organic carbon per square meter of sediment surface, a typical value for mesotrophic 

freshwater ecosystems (C. A. Kelly, University of Manitoba, Winnipeg, Manitoba, Canada, 

personal communication; J. W. M. Rudd, Canadian Department of Fisheries and Oceans, 

Freshwater Institute, Winnipeg, Manitoba, personal communication). 

During test 3, we evaluated the potential effect of the change in plant species on test 

results by placing sediment from a given site into two separate beakers and adding pondweed 

to one beaker and wildcelery to the other. This evaluation was done with sediments from 

one sampling site in each of two sediment treatments (a contaminated wetland and a riverine 

lake). Test results were not measurably affected by the change in plant species used as a 

source of carbon. At the end of test 3, the, MeHg concentration in overlying water from 

beakers with sediment from the contaminated wetland was 11.8 ng H g L  in the beaker 

provided wildceIery and 13.8 ng Hg/L in the beaker provided curly pondweed. The MeHg 

concentration in overlying water from beakers with sediment from the riverine lake was 0.7 

ng Hg/L in the beaker provided wildcelery and 1.0 ng Hg/L in the beaker provided curly 

pondweed. 

Analytical Procedures 

All samples were analyzed as soon as received at Frontier Geosciences. For 

determinations of CHg in sediments and mayflies, 1.0-g samples of sediment and 0.1-g 

aliquots of the mayfly composites were digested in refluxing 7:3 HN0,/H2S0., (Bloom and 

Crecelius 1987) and analyzed by SnC1, reduction, dual gold amalgamation, and cold vapor 

atomic fluorescence detection (Bloom and Crecelius 1983; Bloom and Fitzgerald 1988). For 



determination of MeHg in mayflies, 0.1-g samples were digested in 25% KOH in methanol 

@loom 1989, 1992) and aliquots were analyzed by aqueous phase ethylation (Bloom 1989), 

wbotrap collection, isothermal GC separation @king et al. 1994), and cold vapor atomic 

fluorescence detection. Water samples (35 mL)were pre-separated by distillation (Horvat et 

al. 1993; Bloom and Von der Geest 1995) before analysis for MeHg by the ethylation 

technique. 

A separate aliquot of each sample was analyzed for percent dry solids. The dry 

fraction was determined gravimetrically after drying overnight in an oven at 105 f 5OC. 

Mercury concentrations in sediment and mayflies were reported on a dry-weight basis. 

QualifyAssurance Procedures 

All samples were handled accord'ig to chain-of-custody procedures (APHA et al. 

1995). All glassware, plasticware, and tubing used in the bioaccumulation tests were acid 

washed (10% HN03 for 24 hours) before use. Precision during volatile-matter and 

particle-size determinations on sediments was estimated from triplicate analyses of 10%or 

more of the samples analyzed pable 1). Precision during determinations of total alkalinity, 

total hardness, and conductivity in overlying water. (day 21) was estimated with triplicate 

analyses of 10%or more of the samples analyzed. To estimate the accuracy of our 

water-quality determinations, we analyzed SPEX reference water (SPEX' Chemical, 

Metuchen, NJ) for total alkalinity, total hardness, conductivity, and pH when water samples 

were analyzed on day 21 of each test (Table 1). 

Methods used for the determination of CWg and MeHg in mayflies, water, and 

.sediment were proven, published techniques. Water samples for MeHg determinations were 

collected and stored in acid-cleaned, 250-mL teflon bottles. One method blank, appropriate 

certified reference materials, analytical duplicates, and blind duplicates were performed for 

every 20 samples analyzed. Concentrations of EHg and MeHg in certified reference 

materials were within the certified ranges (Table 2). Estimated method detection limits were 
Y


0.053 ng/L for MeHg in water, 0.44 ng/g wet weight for CHg in sediment, 3.5 nglg wet 

weight for MeHg in mayflies, and 1.8 nglg wet weight for CHg in mayflies. Mean (f1 

standard deviation) matrix-spike percent recoveries were 97.3 f 13.3 for MeHg in water, 

104.9 f 13.7 for CHg in sediment, 108.5 15.2 for MeHg in mayflies, and 97.4 f 11.1 



for EHg in mayflies. Except for the sediment data, the relative percent difference in the 

analytical and blind duplicates was less than 14% (Table 3). The poorer reproducibility in 

the sediment matrix was presumably related to the freezing and thawing of wet sediments, 

which can reduce the homogeneity of sample aliquots. 

Statistical Analyses 

Mercury concentrations in sediment, water, and mayflies were checked for normality 

and homogeneity of variance (PROC Univariate and Bartlett's test in SAS; SAS Institute, 

1987). The data were not normally distributed and had inequality of variances; thus all 

subsequent analyses were performed on rank-transformed data. For each bioaccumulation 

test, variation in mean concentrations of CHg or MeHg in sediment, mayflies, and water 

among treatments was compared by analysis of variance (ANOVA). Tukey's hrd multiple 

w g e  test was performed to compare treatment means when the ANOVA was significant. 

The mean net MeHg accumulation (nglmayfly) in each experimental unit was calculated as 

the mean final MeHg burden minus the mean initial burden. Estimates .of mayfly dry 

weights used in this calculation were predicted from regression of total length and dry weight 

of Haagenia mayflies sampled during 1994 and 1995 in the Upper Mississippi River (log 

dry weight = -2,666 + 2.849 Dog total length]; ?=0.80; n=633). A Type I error of 0.05 

was used to judge the significance of all statistical tests. 

RESULTS 

Characteristics of Test Sediments 

During tests 1 and 2, the physical characteristics of test sediment varied significantly 

among treatments (Table 4). In particular, sediments from the Whitehall Reservoir had 

greater volatile matter content (about 60%)than sediments from the other treatments (range 

14-25%). Sediment texture also varied significantly among treatments during tests 1 and 2 

(Table 4). The mean sand content of sediments from test 1, for example, ranged from 16% 

in Fairhaven Bay to 63 % in the Reference Flowing Reach. The mean sand content of test 

sediments in test 2 ranged from 14% in Reservoir 2 to 50%in the Reference Flowing Reach. 

Sediments obtained for tests 1 and 2 from five of the six study areas (Whitehall Resemoir, 



Reservoir 1, Reservoir 2, the Contaminated Flowing Reach, and Fairhaven Bay) were 

primarily silt and clay. 

The physical characteristics of test sediments from tests 3 and 4 were less variable 

than those in tests 1 and 2 (Table 4). The mean 'textural composition of sediments from the 

Hop Brook Wetland treatment differed from the other treatments in test 3, but not in test 4 

Pable 4). 

Characteristics of Test Waer 

The temperature of the overlying water did not vary among treatments in any of the 

four tests (Table 5). 'The mean concentrations of dissolved oxygen did not vary among 

treatments in tests 1 or 3, but varied slightly in test 2 (from 7.5 to 7.9 mg/L) and in test 4 

(from 7.5 to 7.7 mg1L). Although the mean pH'in the overlying water varied significantly 

among treatments in all four tests, the range in mean pH was 0.6 pH unit or less in all but 

test'4, in which mean pH ranged from 5.9 in the Northern Contaminated WetIand to 7.2 in 

Fairhaven Bay. In tests 1 and 2, conductivity and,hardness in the Whitehall Resewoir 

treatment were significantly lower than in the other five treatments, which did not differ. 

Specific conductance also varied among treatmen@in tests 3 and 4 (Table 5); Mean total 

alkalinity varied significantly in all four tests. Total ammonia nitrogen (TAN) and 

un-ionized ammonia nitrogen (NH,)ranged from 0.05 to 0.24 mg.TAN/L and 0.2 to 0.8 pg 

N&/L in test 1, and from 0.05 to 0.11 mg TAN/L and 0.3 to 1.0 pg NHJL in test 2. The 

TAN and NH3 ranged from 0.18 to 1.20 mg TANIL and 0.5 to 5.2 pg N&IL in test 3, and 

from 0.10 to 0.14 mg TANIL and 0.2 to 0.3 pg NH3/L in test 4. 

Mercury in Sediment, Water, and Maypies 

The mean initial concentrations (f 1 SEM) of CHg and MeHg were 81 f 8 nglg dry 

weight and 28 f 10 nglg, respectively, in composite samples of mayflies from the Upper 

Mississippi River. 

Mean concentrations of CHg in test sediments varied more than 100-fold among the 

six treatments in both test 1 and test 2 (Table 6). Concentrations in sediments ranged from 

90 to 272 nglg in the reference areas, from 880 to 1,920 nglg in the Contaminated Flowing 

Reach and Fairhaven Bay, and from 7,548 to 22,059 in Reservoirs 1 and 2. In contrast, 



mean MeHg concentrations in water at the end of tests 1 and 2 varied only 10-fold (Table 6). 

In general, waterborne concentrations of MeHg were lowest in the Reference Flowing Reach; 

intermediate in Fairhaven Bay, the Contaminated Flowing Reach, and Reservoir 1, and 

highest in Reservoir 2. 

The concentration of CHg .in mayflies at the end of tests 1 and 2 roughly 

paralleled--but was generally less than--the EHg concentration in test sediment (Table 6, 

Figure 2a). In contrast, concentrations of MeHg in mayflies exposed to sediments from the 

four contaminated areas were only two (test 2) to three (test 1) times those in mayflies 

exposed to sediments from the two reference areas (Table 6). In mayflies, the fraction of 

CHg present as MeHg ranged from 1.2 to 28.5%, and the highest percentages were in 

mayflies exposed to sediment from the reference areas (Table 6). Mayflies exposed to 

sediments from Hg-contaminated sites accumulated more MeHg than did mayflies exposed to 

reference sediments (Table 6). However, the net amount of MeHg accumulated in mayflies 

was not correlated with CHg in sediments (Spearman correlation; r,=0.60; p = 0.08). 

During tests 3 and 4, mean concentrations of CHg in sediments varied about 10-fold 

. among the four treatments, ranging from 186 to 261 nglg in the Hop Brook Wetland and 

from 1,200 to 2,562 nglg in the contaminated wetlands and Pairhaven Bay (Table 7). 

Methylmercury concentrations in test water varied considerably among treatments at the end 

of tests 3 and 4 (Table 7). In both tests, waterborne concentrations of MeHg were much 

greater in treatments with contaminated wetland sediments (range, 8-47 ng1L) than in the 

treatment with reference wetland sediments from Hop Brook (range, 0.9-2.1 ng/L). 

Mean concentrations of MeHg in mayflies at the end of tests 3 and 4 ranged from 122 

to 184 nglg in treatments with contaminated wetland sediments, whereas concentrations in 

mayflies exposed to reference wetland sediments averaged about 36 nglg. The fraction of 

EHg present as MeHg ranged from 11 to 41%; the highest percentage was in mayflies 

exposed to sediments from the reference wetland (Table 7). Net MeHg accumulation was 

significantly greater in mayflies exposed to Hg-contaminated wetland sediments than in 

mayflies exposed to reference wetland sediment (Table 7). However, the net amount of 

MeHg accumulated in mayflies exposed to Hg-contaminated sediments was not correlated 

with CHg in sediments (Spearman correlation; R,=0.73; p = 0.06). 



When data from all four bioaccumulation tests were combined, there was a 

significant, positive correlation between the concentration of EHg in mayflies and test 

sediment (Figure 2a). In contrast, CHg concentrations in test sediments were not a good 

predictor of MeHg concentrations in mayflies (Figure 2b). 

f ~~ ~Growth andr s k i v a l  

The survival of Hexagenia mayflies in all four bioaccumulation tests was unrelated to 

the concentration of CHg in test sediment. The overall survival of Hexagenia mayflies 

ranged from 90% in test 3 to 96% in test 2. The mean survival of mayfly nymphs did not 

vary among treatments in any test @ = 0.61 in test 1; p = 0.38 in test 2; p = 0.43 in test 

3: P = 0.96 in test 4). 

The growth of Hexagenia mayflies dwihg tests 1and 2 varied significantly among 

sediment treatments but was unrelated to the relative degree of mercury eontamination of test 

sediment (Table 6). In test 1, although mayflies grew an average of 5.1 mm overall, the 

mean growth of mayflies in the reference Whitehall Reservoir treatment was 

2.2 mm--significantly less than that in four of the other five treatments. In test 2, mean 

growth averaged 2.3 mm in the Whitehall Reservoir treatment, significantly less than the 

mean of 6.1 mm in the other five treatments (Table 6). The slower growth of Hexagenia 

exposed to sediments from Whitehall Resemoir may have resulted from the physical 

characteristics of test sediment; Whitehall Reservoir sediments were more organic than other 

test sediments (Table 4). 

. The growth of Hexagenia during tests 3 and 4 varied among treatments and between 

tests. In test 3, the overall mean growth of mayflies averaged 5.8 mm, and the mean growth 

of mayflies in the Northern Contaminated Wetland treatment (4.8 mm) was significantly less 

than that in the Hop Brook reference-wetland treatment uable 7). In test 4, the 

treatment-specific growth of mayflies averaged 1.5 mm for the Northern Contaminated 

Wetland, 2.8 mm for the Southern Contaminated Wetland, 4.0 mm for the Hop Brook 

Wetland, and 5.7 mm for the Fairhaven Bay (Table 7). The overall mean growth of 

mayflies (dl treatments combined) was greater in test 3 (5.8 mm) than in test 4 (3.5 mm).. . 
The difference in growth between tests 3 and 4 .may have resulted from differences in test 

conditions related to water levels in the study areas when test sediments were sampled. 
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Wetland sediments for test 3 were obtained from an inundated floodplain, whereas wetland 

sediments for test 4 were not inundated, due to unusual drought conditions in the basin 

during the summer of 1995. In contrast to the wetland areas studied, sediments from the 

Fairhaven Bay were inundated during sampling for both tests, and the growth of mayflies in 

the Fairhaven Bay treatment did not differ between test 3 (mean, 6.1 mm) and test 4 (mean, 
5.7 mm). 

Variation in the growth of mayfly nymphs was seemingly unrelated to mercury 

exposure. The growth of mayfly nymphs (data from al l  four tests combined) did not 

diminish with (1) increasing concentrations of MeHg in test water, (2) CHg in sediment, 

(3) EHg in mayflies, and (4) MeHg in mayflies (Figure 3). 

DISCUSSION 

The concentrations of CHg in our test sediments indicated substantial contamination 

throughout the studied 34-km reach of the Sudbury River. Concentrations of EHg in these 

fine-grained, surficial sediments diminished, as expected, with increasing distance 

downstream from the Nyanza Site (Figure 4). Concentrations in sediments were greatest 

about 3 km downstream from the Nyanza Site. In sediments taken 25 to 35 Inn downstream 

from the Site, the abundance of mercury was roughly 10-fold that at the Reference-Flowing 

Reach, which wasapstream of the Nyanza Site. This spatial pattern was similar to that in 

the River Yare (Norfolk, United Kingdom), where concentrations of CHg in surficial 

sediments were greatest in the reach 1 to 4 km downstream from a point source (Bubb et al. 

1991). 

The concentrations and burdens of MeHg accumulated by mayflies were unrelated to 

total concentrations of mercury in surficial sediment to which the organisms were exposed. 

Thus, the CHg content of surficial sediments in the Sudbury River basin was not a reliable Y 

indicator of the potential bioaccumulation of MeHg by benthic organisms in this ecosystem. 

This lack of a statistic& correlation between concentrations of MeHg in biota and 

environmental concentrations of CHg has also been shown for other invertebrates, including 

unionid mussels (Hickey et al. 1995) and zooplankton (Tremblay et al. 1995). 



Our results also showed that the fraction of EHg present as MeHg in burrowing 

mayflies was not a good predictor of MeHg accumulation. The MeHg/EHg ratio in mayflies 

was greatest in organisms exposed to reference sediments and lowest in organisms exposed to 

the most mercury-contaminated sediments. The range of percent MeHg in mayflies in our 

study (1 % to 41 %) encompassed many of the values reported for other invertebrates, such as 

amphipods and chironomids (mean 26%; Becker and Bigham 1995) and bivalve mollusks 

(range 30 to 57%; Pieters and Geuke 1994); however, it is reasonable to assume that the 

percent MeHg in our test organisms was influenced strongly by the presence of 

particle-associated inorganic mercury in the gut (Hare et d. 1989, Parlanan and Meili 1993, % 

Gain et al, 1995). 

Comparison of MeHg in test water and mayflies with CHg in test sediments from 

Reservoir 1, Reservoir 2, the Contaminated Flowing Reach, and Fairhaven Bay indicated that 

very little MeHg was produced from the large sedimentary inventories of inorganic mercury 

at these sites (Figure 5). In contrast, data from tests with wetland sediments indicated that 

MeHg was being actively produced in the mercury-contaminated, wetland sediments (Figure 

5). Thus, tests 3 and 4 clearly showed that MeHg--the form accumulated in fish and 

biomagnified in aquatic food chains @loom 1992,.Wiener and Spry 1996)--was actively 

produced in surficial sediments from mercury-contaminated, riparian wetlands in the Sudbury 

River basin. Moreover, this MeHg was available for uptake by detritus-feeding benthic 

organisms that may be important in the riverine food web. 

About 8 % of the 427-kmz Sudbu~y River watershed is covered by non-forested 

wetlands (NUS Corporation 1992). In particular, the reach about 20-35 km downstream 

from the Nyanza Site contains an extensive floodplain and associated riparian wetlands. The 

organic-rich sediments and soils in riparian wetlands contain abundant organic carbon to 

support microbial activity, as well as an abundance of microorganisms (Chamie and 

Richardson 1978). Our test results indicated that these wetlands are active sites of MeHg % 

production, a finding in agreement with the results of Waldron et al. (1997), who examined 

spatial trends in the abundances of MeHg and EHg in water from the Sudbury River. 

The importance of wetlands as sources of MeHg has been recently documented for 

boreal forest ecosystems (St. Louis et al. 1994, 1995) and for several watersheds in 

Wisconsin (Hurley et al. 1995; Krabbenhoft et al. 1995). St, Louis et al. (1994), for 



example, reported that MeHg yields from wetlands are 26 to 79 times greater than yields 

from purely upland catchment areas. In subsequent.work, St. Louis et aZ. (1995). . 
documented that different types of wetlands (i.e., headwater wetlands, 'riparian wetlands, 

valley-bottom wetlands) can function as sources or sinks of MeHg and total mercury (CHg) 

to downstream reaches, depending on the percent wetland in a given catchment and the 

annual water yield. Furthermore, yields of MeHg from wetland areas can greatly exceed the x 

inputs of MeHg in atmospheric deposition (Krabbenhoft et aZ. 1995). 

When viewed spatially in relation to test-sediment source area, the pattern of MeHg 

concentrations in mayflies was biphasic; concentrations increased about 3 to 5 km 

downstream from the Nyanza Site, leveled off between 5 and 25 krn downstream from the 

Site, and increased again in the contaminated wetland reaches (Figure 4). Moreover, the 

spatial trend in MeHg concentrations in mayflies paralleled the spatial trend in abundance of 

MeHg in water from the river (Waldron et al. 1997).. In their field.study, Waldron et d. 

(1997) found that MeHg concentrations in river water were highest in the reach just 

downstream from the Site (0.19-0.29 ng HgIL), substantially lower at sampling points 

between 5 and 25 krn from the Site (0.11-0.15 ng/L), and increased notably in the wetland 

reaches (0.19-0.23 ng/L). The longitudinal pattern. in MeHg in water and mayflies clearly 

did not reflect the spatial gradient in CHg concentration in the surficial sediments. 

Data on MeHg concentrations in aquatic invertebrates are few, and much of the 

available data concerns zooplankton. Most prior studies of mercury in aquatic invertebrates 

have reported CHg, presumably because few investigators had access to analytical facilities 

capable of quantifying organic Hg or MeHg (Bloom 1989, 1992). Concentrations of MeHg 

in Daphnia and Chaobow from Mud Lake, a lightly contaminated lake in northern 

Wisconsin, ranged from 41 to 60 ng/g dry weight (Back et al. 1995), values similar to MeHg 

concentrations in mayflies exposed to re'ference sediments from the Sudbury River basin. 

Some concentrations of MeHg in zooplankton from recently flooded hydroelectric reservoirs 

in Canada were substantially greater (range of means, 25-452 nglg dry weight; Tremblay et 

al, 1996b) than the most contaminated mayflies from the present study, in which means for 

treatments with contaminated sediments ranged from 55 to 184 nglg. Working in northern 
.Quebec (Canada), Tremblay et al. (1996a) reported MeHg in Ephemeroptera ranging from 

68 to. 81 ng/g dry weight in recently flooded hydroelectric reservoirs and averaging 13 ng/g 



dry weight in a natural lake. Concentrations of MeHg in mayflies exposed to 

mercury-contarninated, wetland sediments frdm the Sudbury River basin (range, 122-184 

nglg dry weight) were roughly 2 to 3 times those in mayflies from the recently flooded 

reservoirs studied by Tremblay et al. (1996a)' Concentrations of MeHg in mayflies exposed 

to mercury-contaminated sediments from Reservoir 2, Reservoir 1, the Contaminated 

Flowing Reach, and Fairhaven Bay (range, 55-127 ng/g dry weight) were roughly equal to 

double those in mayflies from the reservoirs studied by Tremblay et al. (1996a). 

The microbial methylation of inorganic H g O  in the surficial sediments (Korthals and 

Winfrey 1987, Gilmour et al. 1992, RamlaI et d. 1993), accompanied by the uptake of 

MeHg by sediment-burrowing prey organisms, is a potential vector for transfer of MeHg to 

aquatic organisms in higher trophic levels (Gagnon et al. 1996). Fish in natural waters, for $ x 
example, obtain MeHg almost entirely through the diet (Rodgers 1994, Wiener and Spry 

1996). Our estimates of net MeHg accumulation in individual mayfly nymphs consequently 

provide a relevant index of the potential transfer (flux) of MeHg from the sediments to 

on-site aquatic food chains. Mayflies accumulated between 0.15 and 1.4 ng of Hg (as 

MeHg) per nymph during our 21-day bioaccumulation tests, and nymphs exposed to 

mercury-contaminated sediments usually accumulated considerably more MeHg than those 

exposed to reference sediments. 

In our tests, the net accumulation of MeHg in mayflies exposed to contaminated 

wetland sediments ranged from 0.91 to 1.4 rig Hglnymph. The net accumulation in maflies 

exposed to contaminated sediments from Reservoir 2, Reservoir 1, the Contaminated Flowing 

Reach, and Fairhaven Bay was similar, ranging from 0.76 to 1.4 ng Hglnymph. Even so, 

the significance of the mercury-contaminated wetland areas as sources of MeHg in this 

ecosystem is increased by the tendency of wetland habitats to export watthome MeHg to 

adjoining surface waters downstream (Hurley et al. 1995, St. Louis et al. 1996). 

Surficial sediments from impoundments, flowing reaches, and riparian wetlands in the 

Sudbury River were not toxic to burrowing mayflies in our tests. Furthermore, the growth 

rate of mayflies was unrelated to the CHg content of surf~cial sediments. The growth of 

mayflies was very slow in mayflies exposed to sediments taken from the Northern 

Contaminated Wetland in September 1995; this treatment had €he highest MeHg 

concentration and the lowest pH (5.9) in test water. This pH value is near the pH threshold 



of 5.2-5.5 suggested by McNichol et al. (1995) as the pH below which recolonization of lake 

sediments by acid-sensitive invertebrate taxa is unlikely. Likewise, Suchanek I% al. (1995) 

documented complex relations between populations of benthic invertebrates and EHg in 

sediments from Clear Lake, California, the site of an inactive mercury mine. In Clear Lake, 

benthic taxa responded differently to increasing concentrations of I X Q  in sediments, probably 

as a result .of confounding factors such as grain size and total organic. carbon content. In 

contrast, community-level parameters, such as evenness and diversity, declined significantly 

with increasing CHg in sediments in Clear Lake (Suchanek et al. 1995). 
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River Basin 

I' 

Figure 1. Map of the Sudbury River basin showing the areas studied in 1994 and 1995. In 
1994, test sediments were obtained from impoundment$ (Whitehall Reservoir, 
Reservoir Two, and Reservoir One), flowing reaches (Contaminated Flowing Reach 
and eference Flowing Reach), and a riverine lake (Fairhaven Bay). In 1995, test 
sediments were obtained from riparian wetlands (Hop Brook and two Contaminated 
Wetland Reaches) and a riverine lake (Fairhaven Bay). 
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Figure 2. Relation between (a) total mercury concentration in mayflies and test sediment 
and (b) methylmercury in mayflies and total mercury in test sediments from 
impoundments, flowing reaches, and wetlands in the Sudbury River basin 
(combined data from all four bioaccumulation tests). 
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Figure 3. Growth of Hexagenia mayfly nymphs during four 21-day mercury bioaccumulation 
tests with sediments from the Sudbury River basin, plotted in relation to the mercury 
content of test water, test sediment, and mayflies. 
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Distance from the Nyanza Site (km) 

Figure 4. Total mercury in test sediments and methylmercury in Hexagenia mayflies as a 
function of distance downstream from the Nyanza site (combined data from all four 
bioaccumulation tests). Approximate distances from the Nyanza site were as follows: 
Reservoir Two, 4 km;Reservoir One, 6 km;Contaminated Flowing Reach and 
Contaminated Wetland Reaches, 25 to 31 krn; and Fairhaven Bay, 34 krn. The three 
reference areas (Whitehall Reservoir, Reference Flowing Reach, and Hop Brook 
Wetland) were plotted as negative distances because all are upstream from or 
uninfluenced by the Nyanza site. 
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Figure 5. Concentrations of (a) methyImercury in test water and (b) methylmercury in Hmgenia 
mayflies plotted against total mercury in test sediments from habitats in the Sudbury 
River basin (combined data from all four bioaccumulation tests). 
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Table 1.  Mean method precision (relative standard deviation, with ranges in parentheses) during analyses of overlying test 

water or test sediment during four bioaccumulation tests. Method precision was estimated on six (bioaccumulation 

tests 1 and 2) or nine (bioaccumulation tests 3 and 4) sub-samples from each test, 

Overlying test water Test sediment 

Volatile Percent Percent silt 

Bioaccumulation test Alkalinity Hardness Conductivity matter sand plus clay 



Table 2. Mean concentrations of total mercury (CHg) and methylmercury (MeHg) in 

certified reference materials. DORM-2 (dogfish muscle) and PACS-1 (marine 

sediment) reference materials were from the National Research Council of 

Canada, and NIST-1636 sediment was from the National Institute of Standards 

and Technology. 

Our results 

Determination and n Certified concentration Mean f 1 SD Percent recovery 

matrix range (ng Hglg dry wt) 

MeHg in DORM-2 28 4,470 i-370 4,539 f 476 101.5 f 10.7 

(fish) 

CHg in DORM-2 28 

(fish) 

CHg in PACS-I 5 

(sediment) 

CHg in NIST- I636 5 

(sediment) 

=Reference material certified in 1979. Laboratory results at Frontier Geosciences during 

1993-1995 indicated a true mean of 75.8 f 5.8 nglg. 



Table 3. Mean relative percent difference (RPD) between duplicate samples. Relative 

percent difference was calculated as the highest concentration minus the lowest 

concentration divided by the mean of the two concentrations, with the quotient 

multiplied by 100. 

Determination and matrix n Mean RPD f 1 SD 

MeHg in water 

Laboratory duplicate 

Blind duplicate 

CHg in sediment 

Laboratory duplicate 

Blind duplicate 

CHg in mayflies 

Laboratory duplicate 

MeHg in mayflies 

Laboratory duplicate 

'This value omits four results from samples with concentration$ less than four times the method 

detection limit. 



Table 5. Mean temperature, dissolved oxygen, pH, conductivity, alkalinity, and hadnea in test chambers in 
which Hexagenia nymphs were experimentally exposed to sediments from nine areas in the Sudbury 
River basin in four 21-day bioaccumulation tests. Means for a given variable and bio&ccu~~~ulation 
test that are not accompanied by 8 common letter were significantly different (a = 0.05, Tukey's h d  
procedure). Treatments for each test are listed in longitudinal sequence from upstream to 
downstream. 

Dissolved Alkahity HPrdne8s 

Treatment 
Temperature 

("'7 
oxygen 
( m g w  PH 

Cdnauctivity 
(CtSlcm) 

(mgL as 
fiad 

(mgL as 
'30 

Test 1 (July 1994 SeAimurts) 

Whitehall Reservoir 19.7 7.7 6.9' 

Reference Flowing Reach 19.7 7.7 7.2b 

Reservoir 2 19.7 7.7 7.2* 

Reservoir 1 19.7 7.7 6.9 

Contaminated Flowing Reach 19.7. 7.6 7.4" 

Fairhaven Bay 19.7 7.6 7.2w 

.Test 2 (September 1994 Sediments) 

Whitehall Resewoir 20.0 7.9' 7.0' 112' 

Reference Flowing Reach 20.0, 7,Sb 7.2b 1 9Sb 

Reservoir 2 19.9 7.8%' - 6.95 197b 

Reservoir 1 20.0 7.7" 7.1d 1 97b 

Contaminated Flowing Reach 20.0 7.74' 7.3" 2Oob 

Fairhaven Bay 20.0 7.74' 7.1b 1 80b 

Test 3 (May1995 Sediments) 

Hop Brook Wetland 19.5 7.7 7.2' 148hb 

Southern Contaminated Wetland 19.5 7.8 6. ad 126' 

Northern Contaminated Wetland 19.6 7.8 6.6* 108. 

Fairhaven Bay 19.6 7.8 6.gb 177b 

Tat  4 (September 1995 Sediments) 

Hop Brook Wetland 20.7 7.6+b 6.8' 329' 44.5' 78.5 

Southern Contaminated Wetland 20.8 7.6%b 6.5d 214%' 22.Pb 37.9 

Northern Contaminated Wetland 20.6 7.7' 5.9' 301q0 . 16.5b 41.0 

Fairhaven Bay 20.7 7.5b 7.2b 2014" 36.1" 48.0 



Table 4. Mean (f 1 SEM)physical characteristics of test s e d i t s  from the Sudbury River basin, to which 
.mayflies were exposed in four bioaccumulation tests. Means for a giva variable and test that are not 

accompanied by a wmmon letter were significantly differeat (a= 0.05, Tukey'e hsd test). 
Treatments for each test are listed in longitudinal sequeace from upstream to downstream. 

Volatile matter (46) Sand wnteat Silt + clay 
Treatment (46) content (%) 

Test I (July 1994 Sediments) 

Whitehall Reservoir 58.0 f 1.5' 

Reference Flowing Reach 16.8 & 3.04" 

Reservoir 2 15.8 f 1.7" 

Reservoir 1 13.6 f 1.6" 

Contaminated Flowing Reach 17.7 f 2Sh0 

Pairhaven Bay 24.7 f 1.2b 

Test 2 (September1994 Sediments) 

Whitehall Reservoir 62.2k 5.2" 24 f 4' 

Reference Flowing Reach ' 15.7 f 3.gb 50 f 4b 

Reservoir 2 . 16.6 * 1.2b 14 * 5' 

Reservoir 1 14.9 f 1.5b 17 f 5' 

Contaminated Flowing Reach 20.8 f 1.2b 18 f 2' 

Fairhaven Bay 18.4 f 2.3b 34 f 11" 

Test 3 (May1995 Sediments) 

Hop Brook Wetland 33.1 f 3.2' 22 f 3' 

Southern Contaminated Wetland 25.4 f O S b  11 f lb 

Northern Contaminated Wetland 27.2 f 1.6ib . 10 f lb 

Fairhaven Bay 25.0 f O.gb 14 f lb 

Tat 4 (September 1995 Sediments) 

Hop Brook Wetland 

Southern Contaminated Wetland 

Northern Contaminated Wetland 

Fairhaven Bay 21.7 f 3Sb 37 f 10 63 f 10 



Table 6. Mean growth of Haagenia mayflies, methylmercury (MeHg f 1SEM)in test water, total mercury (EHg) in test sediment. CHg and MeHg in 
mayflies, percent of CHg present as MeHg, and net MeHg accumuIation in mayflies exposed to sediments from six study areas in the Sudbury River 
basin in two 21-day mercury-bioaccumulation tests in 1994. Means for a given variable and bioaccumuIation test that are not accompanied by a 
common letter were significantly different (a = 0.05, Tukey's hsd procedure). Treatments for each test are listed in longitudinalsequence from 
upstream to downstream. 

Growth of MeHg in MeHg as MeHg 
mayflies MeHg inwater CHg insediment CHg in mayflies mayflies (nglg lwan pexcmt accumuIati011 

Treatment (mm> (ng HgIL) (nglg dry weight) (nglg dry weight) dry MI of CHg ( n d m a ~ f l ~ )  

Bioaccumulution Tcst 1 (July 1994 Sediments) 

Whitehall Rese~oir  1.68 0.51' 149 f 19' 123 f 19' 32.4 f 3.8' 27.3 f 2.0' 0.15 f 0.03' 

Reference-Flowing Reach 0.30 f 0.05b 90 f 19' 149 f 13' 41.0 f 5.8e 28.5 * 4.5' 0.41 * 0.05sb 

Reservoir 2 3.26 f 1.23' 14,780 f 4,843c 6,360 * 1,448= 117.8 f 40.3" 2.5 * 0.9" 1.38 & 0.53' 

Reservoir 1 1.12*0.3Wb 7,548f694' 5,182*1,477° 84.15 19.4b 1.9k0.4' 1.03*0.284' 

Contaminated-Flowing Reach 1.85 * 0.47' 880 -f 109 759 f 194b 105.4 f 40.7b.' 13.1 f 2.gb 1.06 f 0.44b 

Fairhaven Bay 1.65 f 0.46' 1,719 f 22gb 874 f 162b 127.1 f 27.1" 14.5 f I.@ 1.39 & 0.36' 

Whitehall Reservoir 

ReferenceFlowing Reach 

Reservoir 2 

Reservoir 1 

Contaminated-Flawing Reach 

Fairhaven Bay 6.2b 1.75 f0.58*b 1,775 f 379 711 f 766 82.5 f 3.9" 12.3 * 1.4b 0.89 & O.Wb 



Table 7. Mean growth of Hexugenia mayflies,methylmercury (MeHg f 1SEM)in test water, M g  in test sediment, M g  and MeHg in mayflies, percent of 
EHg present as MeHg, and net MeHg accumulation in mayflies exposed to sediments from four study areas in the Sudbwy River basin in two 21-day 
mercury-bioaccumulation tests in 1995. Means for a given variable and bioaccumulation test that are not ~ccompaniedby a common letter were 
significantly different (a = 0.05, Tukey's h d  procedure). Treatments for each test are listed in longitudinal sequence from upstream to downstream. 

Growth of MeHg in MeHg as McHg 
mayflies MeHg in EHg in sediment CHg in mayflies mayflies mean percent accumulation 

Treatment (mm) water (ng/L) (ngk dry *) (ngk dry *) ( & 3  d~ *) of CHg (%/mafly) 

Bioaccumulation Test 3 (May 1995 Sediments) 

Hop Brook Wetland (reference) 6.4' 0.93 f 0.08' 261 f 27' 113 f Se 36.3 f 6.9' 33,O f 7.0' 0.30 f 0.11' 

Southem Contaminated Wetland 6.Pb 8.34 * 1.62* 2,562 f 263' 1,161 f 183' 122.1 f 13.7" 11.2 f O.gb 1.25 f0.18b 

Northern Contaminated Wetland 4.8b 14.92 f 1.7V 1,275 f lBb 655 f 78b 149.3 f 18.7' 24.1 f 2.7' 1.39 f 0.226 

Fairhaven Bay 6.1" 0.58 f 0.07b 1,791 & 3086' 833 f 1474" 63.7 * 3.1b 12.5 f 4,3b 0.62 f 0.07' 

Bioacnunulation TW 4 (September 1995 Sediments) 

.Hop Brook Wetland (reference) 2.05 f 0.70' 186 f 24' 98 * 1 2  

Southern Contaminated Wetland 

Northern Contaminated Wetland 

Fairhaven Bay 5.T 0.96 f 0.12' 1,429 f 33gb 492 f 64b 54.6 * 5.W 122 1.4b. 0.46 f O.Mb 



Appendix 1. Raw data on physical characteristics of test sediments to which mayflies were exposed in four 
bioaccumulation tests. Abbreviations for sediment treatmeats are as follows: Rl=Reservoir One, 
R2=Reservoir Two,PHB=Fairflaven Bay, WHR=Whitehall Reservoir (refemace reservoir), HB=Hop 
Brook (reference wetland), CFR=ContaminPted Flowing Reach (riverbe sadimeats from the Sudbury River 
between Hwy 27 and Lincoln Road), RFR-Reference Flowing Reach (Sudbury River betwea Perdoni Pond 
and Cedar Swamp Pond), SCW=Southem Contaminated Wetland (floodplain s e d i i  from the Sudbury 
River h e e n  Hwy 27 and Lincoln Road), and NCW=Northem ConePmiDated Wetland (floodplain 
sediments from the Sudbwy River between Lincoln R o d  and Hwy 117). 

Month and year of Sediment Experimental Percent Percent P e m t  
sampling treatment unit number sand silt and clay volatile math  
June 94 R1 1 8.383 91.617 15.493 
June 94 R1 
June 94 R1 
June 94 R l  
June 94 R1 
June 94 R1 
June 94 R2 
June 94 R2 
June 94 R2 
June 94 R2 
June 94 R2 
June 94 R2 
June 94 FHB 
June 94 FHB 
June 94 FHB 
June 94 FHB 
June 94 FHB 
June 94 FHB 
June 94 WHR 
June 94 WHR 
~une-94 WHR 
June94 WHR 
June 94 WHR 
June 94 WHR 
June 94 CFR 
June 94 CFR 
June 94 CFR 
June 94 CFR 
June 94 CFR 
June 94 CFR 
June 94 RFR 
June 94 RFR 
June 94 RFR 
June 94 RFR 
June 94 RFR 
June 94 RFR 

Sept 94 R1 



Appendix 1 (conrinueb) 

Month and year of 
sampling 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 

Sept 94 
Sept 94 

. s,t94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94. 
Sept 94 ' 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
Sept 94 
May 95 
May 95 
May 95 
May 95 
May 95 
May 95 
May 95 

May 95 

May 95 

Sediment Experimental Percent Percent Percent 
treatment unit number . sand silt aad clay volatile matter 

R1 2 14.070 85.930 14.255 
R1 
R1 
R1 
R1 
R2 
R2 

R2 
R2 
R2 
R2 
FHB 
FI-IB 
FHB 
FHB 
FHB 
FHB 
WHR 
WHR 
WHR 
WHR 
WHR 
WHR 
CFR 
CFR 
CFR 
CFR 
CFR 
CFR 
RFR 
RFR 
RFR 
RFR 
RFR 
RFR 
HB

* 
HB 
HB 
HB 
HB 
HB 
HB 
HB 



Apbendix 1 (continued) 

Month and year of Sediment Experimental Percent Percent Percent 
sampling treatment unit number sand silt and clay volatile matter 

May 95 SCR 10 6.032 93.968 22.798 
May 95 SCR 
May 95 SCR 
May 95 SCR 
May 95 SCR 

~ a y95 SCR 
May 95 SCR 
May 95 SCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 FHB 
May 95 PHB 
May 95 FHB 
May 95 FHB 
May 95 FHi3 
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
Sept 95 Hi3 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 SCR 
Sept 95 SCR 
Sept 95 SCR 
Sept 95 SCR 
Sept 95 SCR 
Sept 95 SCR 
Sept 95 SCR 

Sept 95 SCR 
Sept 95 SCR 



Append& 1(continmi) 

Month and year of S e d i i t  Experimental Percent Percsnt Percent 
sampling treatment unit number sand sfit and clay volatile matter 
Sept 95 NCR 19 6.207 93.793 21.956 
Sept 95 NCR 20 9.243 90.757 25.874 
Sept 95 NCR 21 7.231 92.769 25.892 
Sept 95 NCR 22 19.501 80.499 22.550 
Sept 95 NCR 23 7.647 92.353 35.614 
Sept 95 NCR 24 7.168 92.832 33.016 
Sept 95 NCR 25 7.116. 92.884 34.715 
Sept 95 NCR 26 9.307 90.693 27.286 
Sept 95 NCR 27 11.153 88.847 28.489 
Sept 95 PHB 28 60.510 39.490 12.609 
Sept 95 FHB 29 27.936 72.064 20.232 
Sept 95 PHB 30 9.204 90.796 25.143 
Sept 95 PHB 31 71 .596 28.404 42.812 
Sept 95 FHB 32 30.544 69.456 20.806 
Sept 95 FHB 33 14.040 85.960 23.081 
Sept 95 FHB 34 13.948 86.052 22.838 
Sept 95 FHB 35 90,900 9.100 3.248 
Sept 95 FHB 36 15.962 84.038 24.163 



Appendix 2. Raw quality assurance data from analyses of triplicam samples of test sediments for sand, silt plus clay, and 
volatile matter. Abbreviations for s&iment treatments am as follows: R l = R e s e ~ o u  One, R2=Rase~oir  
Two, FHB=Fairhaven Bay, WHR= Whitehall Reservoir (reference reservoir), HB=Hop Brook (reference 
wetland), CFR=Contami.ated Flowing Reach (riverine sediments from the Sudbury River between Hwy 27 
and LineoIn Road), RFR=Reference Flowing Reach (Sudbury River between Perdoni Pond and Cedar 
Swamp Pond), SCW=Southem Contaminated Wetland (floodplain sediments from the Sudbury River 
between Hwy 27 and Liwln Road), and NCW=Notthcm Contaminated Wetland (floodplain sedimeats 
from the Sudbury River behveen Lincoln Road and Hwy 117). 

Month and year of Sediment P e m t  Percent P e m t  
sampling treatment Replicate sand silt and clay volatile matter 

, June94 R1 1 10.212 89.788 13.251 
June 94 R1 
June 94 R1 
June 94 R2 
June 94 R2 
June 94 R2 
June 94 FHB 
June 94 FHB 
June 94 FHB 
June 94 WHR 
June 94 WHR 
June 94 WHR 
June 94 CFR 
June 94 CFR 
June 94 CFR 
June 94 RER 
June 94 W R  
June 94 RFR 
Sept 94 R1 
Sept 94 R1 
Sept 94 R1 
Sept 94 R2 
Sept 94 R2 
Sept 94 R2 
Sept 94 FHB 
Sept 94 FHB 
Sept 94 FHB 
Sept 94 WHR 
Sept 94 WHR 
Sept 94 WHR 

Sept 94 CFR 
Sept 94 CFR 
Sept 94 CFR 
Sept 94 RFR 
Sept 94 RFR 
Sept 94 W R  
May 95 HB 



Appendix 2 (continued) 

Month and year of 
sampling 

Sediment 
treatment Replicate 

Percent 
sand 

Percent 
silt and clay 

Percmt 
voIatile matter 

May 95 HB 2 22.941 77.059 32.897 

May 95 FIB 
May 95 HB 
May 95 HB 
May 95 HB 
May 95 SCR 
May 95 SCR 
May 95 S a t  

May 95 SCR 
May 95 SCR 
May 95 SCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 NCR 
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HB 
Sept 95 HI3 
Sept 95 HB 
Sept 95 HB 
Sept 95 SCR 
Sept 95 SCR 
Sepr 95 SCR 
Sept 95 SCR 
Sept 95 SCR 
Sept 95 SCR 

Sept 95 NCR 
Sept 95 NCR 
Sept 95 NCR 
Sept 95 NCR 
Sept 95 NCR 
Sept 95 NCR 



Appendix 2 (continued) 

Man* and year of Sediment Petcent Percent Percent 
sampling treatment Replicate sadd silt and clay volatile matter 

Sept 95 FHB 1 8.691 91.309 21.076 
Sept 95 FHB 2 9.235 90.765 20.721 
Sept 95 FHB 3 9.686 90.314 20.625 
Sept 95 FHB 1 31.403 68.597 22.953 
Sept 95 FHB 2 30.870 69.130 22.778 

Sept 95 FHB 3 29.365 70.635 23.514 

-Data not available 



Appendix 3. Raw data for mean growth of Hexagenia mayflies, methylmaury (MeHg) in test water, total mercury @Hg) in test sediment (nglg dry weight), and 
CHg and MeHg in mayflies (nglg dry weight) in mercury-bio~ccumul~tiontests with sediments from the Sudbury River. Abbreviations for sediment 
treatments are a s  follows: R1 =Reservoir One, R2= Reservoir Two, FHB =Fairhaven Bay, WHR= Whitehall Reservoir (reference nscrvoir), =Hop 
Brook (reference wetland), CFR=Contaminated Flowing Reach (riverine sediments from the Sudbury River between Hwy 27 and L'mcoln Road), 
RFR=Reference Flowing Reach (Sudbury River between Perdoni Pond and Cedar Swamp Pond), SCW=Southern Contaminated Wetland (floodplain 
sediments from the Sudbury River between Hwy 27 and Lincoln Road), and NCW-Northern Contaminated Wetland (floodplain sediments from the 
Sudbury River between Lincoln Road and Hwy 117). 

Month and . Mean initial Mean final Mayfly Number of MeHg CHg in. CHg in MeHg in 
year of Sediment Experimental Latitude (N) Longitude (W) mayfly length mayfly length growth live mayflies in water sediment mayflies mayflies 
sampling treatment unit number deg, min, sec deg, min, sec (mm) (m) (mm) recovered (ng/L) ( d g )  W g )  ( d g )  
July 94 R1 1 42-17-28 71-26-48 14.7730 20.6133 5.84 15 2.387 10868.4 8212.8 100.5 
July 94 R1 2 

July 94 R1 3 

July 94 R1 4 
July 94 R1 5 
July 94 Ri  6 
July 94 R2 7 
July 94 R2 8 

July 94 R2 9 
July 94 R2 10 

July 94 R2 11 
July 94 R2 12 
July 94 FHB 13 

July 94 FHB 14 

July 94 FHB 15 
July 94 FHB .16 

July 94 Eli 17 
July 94 FHB 18 

July 94 WHR 19 
July 94 WHR 20 
July 94 WHR 21 
July 94 WHR 22 
July 94 WHR 23 
July 94 WHR 24 



Appendix 3 (obntfnrrai) 

Month and Mean initial Mean final Mayfly Number of 'MeHg CHg in CHg in MeHg in 
year of Sediment Experimental Latitude (N) Longitude (W) mayfly length mayfly length growth live mayflies in water sediment mayflies mayflies 

sampling treatment unit number deg, min, sec deg, min, sec , (mm) (mm) (mm) movered (ngn) (nglg) , ( d g )  (ngk) 
July 94 CFR 25 42-23-24 7 1-21-55 14.6467 20.7200 6.07 15 0.937 1264.0 576.1 ' 40.9 
July 94 CFR 
July 94 CFR 
July 94 CFR 
July 94 CFR 
July 94 CFR 
July 94 RFR 
July 94 RFR 
July 94 RFR 
July 94 RFR 
July 94 RFR 
July 94 RFR 
Sept 94 R1 
sept 94 Rl 
sept 94 Rl 
sept 94 R1 

sept 94 R1 
scpt 94 R1 
scpt 94 R2 
sept 94 R2 

scpt 94 R2 
sept 94 R2 
sept 94 R2 
sept 94 R2 
sept 94 FHB 
sept 94 FHB 
sept 94 FHB 
Sept 94 FKB 
sept 94 FHB 
sept 94 FHB 



Appmdix 3 (aontinucd) 

Month and Mean initial Mean final Mayfly Number of MeHg CHg in 
year of Sediment Experimental Latitude (N) Longitude (W) mayfly length mayfly length growth live mayflies .inwater sediment 
sampling treatment unit number deg, min, sec deg, min, see (mm) (mm> (mm) (%a) (nglg)RcOvered 
Sept 94 WHR 16.3333 1.98 15 3.909 202.5 
Sept 94 WHR 

Sept 94 WHR 
Sept 94 WHR 
Sept 94 WHR 

Sept 94 WHR 
Sept 94 CFR 
Sept 94 CFR 
Sept 94 CFR 
Sept 94 CFR 
Sept 94 CFR 
sept 94 CFR 
Sept 94 RFR 
Sept 94 RFR 
Sept 94 RFR 
Sept 94 RFR 
Sept 94 RFR 
Sept 94 RFR 
May 95 HB 
May 95 HB 
May 95 HB 
May 95 HB 
May 95 HB 
May 95 HB 
May 95 HB 
May 95 HI3 
May 95 HB 
May 95 SCW 
May 95 SCW 
May 95 .sCW 

CHg in MeHg in 
mayflies mayflies 
(ngk) (ngk) 
133.4 39.4 



M d  and Mean initial Mean final Mayfly Number of MeHg CHg in I&.m MeHg in 
year of Sediment Experimental Latitude (N) Lhgitude (W) mayfly length mayfly length growth .live mayflies in water sediment mayflies mayflies 

sampling treatment unit number deg, min, sec deg, min, sec (mm) (mm) (mm) mmvered (ngm (ngk) (ngk) (ngk) 
May 95 SCW 12 9.377 2388.0 J 1283.8 98.8 
May 95 SCW 

May 95 SCW 
May 95 SCW 
May 95 SCW 
May 95 S C W  
May 95 NCW 
May 95 NCW 
May 95 NCW 
May 95 NCW 

. May 95 NCW 
May 95 NCW 
May 95 NCW 
May 95 NCW 
May 95 NCW 
May 95 FHB 
May 95 FHB 
May 95 F I B  
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
May 95 FHB 
sept 95 HB 
scpt 95 HB 
sept 95 HB 
stpt 95 HB 
sept 95 HI3 
Sept 95 HB 
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sept 95 
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Sept 95 
Sept 95 
Sept 95 
Sept 95 
Sept 95 
Sept 95 
Sept 95 
sept 95 
Sept 95 
Sept 95 
Sept 95 
Sept 95 
Sept 95 
sept 95 
sept 95 
sept 95 
sept 95 
sept 95 

sept 95 
Sept 95 
Sept 95 
sept 95 
*t 95 
Sept 95 

. Mean initial Mean final. Mayfly Nnmtm of MeHg CHg in EHg in MeHg in 
Sediment Experimental Latitude (N) Longitude 0 mayfly length mayfly length growth live mayflies in water sediment. mayflies mayflies 
treatment unit number deg, min, sec deg, min, see (mm) (ma (-1 reanW=d (%n) (nglg) (ngk) (ngk) 
HB 4.23 13 0.428 106.3 71.1 30.5 
HB 

HB 
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report necessarily represent the official position of NOAA or of the Government of the United States, nor does 
mention of trade names or commercial products constitute endorsement or recommendations for their use. 



Office of Ocean Resources Conservation and Assessment 
National Ocean Service 

National Oceanic and Atmospheric Administration 
U.S. Department of Commerce 

The Office of Ocean Resources Conservation and Assessment (ORCA) provides decisionmakers 
comprehensive, scientific information on characteristics of the oceans, coastal areas, and estuaries of the 
United States of America. The information ranges from strategic, national assessments of coastal and estuarine 
environmental quality to real-time information for navigation or hazardous materials spill response. Through its 
National Status and Trends (NS&T) Program, ORCA uses uniform techniques to monitor toxic chemical 
contamination of bottom-feeding fish, mussels and oysters, and sediments at about 300 locations throughout 

the United States. A related NS&T Program of directed research examines the relationships between 

contaminant exposure and indicators of biological responses in fish and shellfish. 

Through the Hazardous Materials Response and Assessment Division (HAZMAT) Scientific Support 
Coordination program, ORCA provides critical scientific support to the U.S. Coast Guard for planning and 
responding to spills of oil or hazardous materials into marine or estuarine environments. Technical guidance 
includes spill trajectory predictions, chemical hazard analyses, and assessments of the sensitivity of marine and 
estuarine environments to spills. To fulfill the responsibilities of the Secretary of Commerce as a trustee for 
living marine resources, HAZMAT's Coastal Resource Coordination program provides technical support to the 
U.S. Environmental Protection Agency during all phases of the remedial process to protect the environment and
restore natural resources at hundreds of waste sites each year. As another part of its marine trusteeship 
responsibilities, ORCA conducts comprehensive assessments of damages to coastal and marine resources 
from discharges of oil and hazardous materials. 

ORCA collects, synthesizes, and distributes information on the use of the coastal and oceanic resources of the 
United States to identify compatibilities and conflicts and to determine research needs and priorities. It conducts 
comprehensive, strategic assessments of multiple resource uses in coastal, estuarine, and oceanic areas for 
decisionmaking by NOAA, other Federal agencies, state agencies, Congress, industry, and public interest 
groups. It publishes a series of thematic data atlases on major regions of the U.S. Exclusive Economic Zone 
and on selected characteristics of major U.S. estuaries. 

ORCA implements NOAA responsibilities under Title 11 of the Marine Protection, Research, and Sanctuaries 
Act of 1972; Section 6 of the National Ocean Pollution Planning Act of 1978; the Oil Pollution Act of 1990; the 
National Coastal Monitoring Act of 1992; and other Federal laws. It has four major line organizations: Coastal 
Monitoring and Bioeffects Assessment Division, Hazardous Materials Response and Assessment Division, 
Strategic Environmental Assessment Division, and the Damage Assessment Center. 
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Introduction 

Site History 

The Nyanza Chemical Waste Dump Site (Nyanza) is the former location of several textile dye 
production companies near the Sudbury River in Ashland, Massachusetts (MA; Figure 1A), 
approximately 35 km west of Boston. Mercury and chromium were used as catalysts in the 
production of textile dyes from 1917 to 1978. Approximately 2.3 metric tons of mercury 
were used per year from 1940 to 1970 [JBF Scientific Corporation (JBF) 1972] with 
approximately 45 to 57 metric tons of mercury released to the Sudbury River during this 
period (JBF 1973). From 1970 until the facility closed in 1978, wastes were treated on site 
and wastewater was discharged to Ashland’s town sewer system. These changes in waste 
management practices reduced the amounts of mercury released to the Sudbury River to 
between 23 and 30 kg per year. Since dye production stopped in 1978, the property has 
been leased to various light industries and commercial companies. The Nyanza site was 
added to the National Priorities List and declared a Superfund site in 1982. 

Land along the Sudbury River ranges from semi-rural to urban-suburban. There are several 
impoundments, including Mill Pond and the Saxonville Dam Impoundment, behind intact 
or partially collapsed dams built for milling operations during the early 1900s (NOAA 1993). 
Below the Saxonville Dam, the river is primarily depositional and meanders through an 
extensive floodplain. Figures 1B through 1E detail the pathway of the Sudbury River from 
its inception near Cedar Swamp to its confluence with the Assabet River to form the 
Concord River. These figures also illustrate the various dams and bays associated with the 
Sudbury River. 

Previous Investigations of the Sudbury River 

Numerous studies have been conducted since 1970 to assess mercury contamination in the 
Sudbury River (JBF 1971, 1972, 1973; MA Division of Fish and Wildlife (DFW) 1977; MA 
Department of Environmental Quality Engineering (DEQE) 1980, 1986; Maietta 1990; U.S. 
Fish and Wildlife Service (USFWS) 1990; NUS 1992). The most intensive and thorough 
sampling was conducted as part of the remedial investigation for Operable Unit III (the 
Sudbury River and wetlands next to the site) in 1989 and 1990 (c.f., NUS 1992). The 
Operable Unit III sampling plan emphasized depositional areas of the Sudbury River, such 
as those near stream confluences or inside river bends. Sediments collected from Reservoir 
2 (Figure 1C), the first major depositional area downstream of the Nyanza site, contained the 
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highest concentrations of mercury at 55 mg/kg; sediments collected near the Concord River 
had mercury concentrations as high as 0.5 mg/kg. This latter concentration was 
approximately five times higher than observed in background sediments collected from 
Southville Pond, Sudbury Reservoir, and Reservoir 3, where mercury concentrations were all 
less than the detection limit of 0.1 mg/kg. Two background samples collected in the 
downstream section of Reach 1 had sediment mercury concentrations of 1.6 and 0.5 mg/kg 
(Figure 1A). These historical data suggest that mercury contamination extends throughout 
the Sudbury River. 

Fish collected from the major reservoirs on the Sudbury River contained tissue 
concentrations of mercury as high as 12 mg/kg (MA DEQE 1980). Limited data are 
available regarding mercury in fish between 1971 and 1990. When the fish tissue data from 
1971 (JBF 1972) are compared to 1990 data (NUS 1992) on a qualitative basis, it does not 
appear that there has been a substantial reduction in bioavailable mercury. In 1971, fish 
tissues contained approximately 10 mg/kg; in 1990, concentrations were detected as high as 
8 mg/kg. Mercury was detected in 74 percent of the fish sampled between the site and 
Concord, Massachusetts 39 km away; a maximum concentration of 7.6 mg/kg was 
measured in fish collected from Reservoir 2 (NUS 1992). In Fairhaven Bay, approximately 
33 km downstream of the Nyanza site, 93 percent of the fish sampled contained detectable 
concentrations of mercury with a maximum concentration of 3.2 mg/kg. 

Since mercury appeared to be readily bioavailable within the Sudbury River system, the 
Massachusetts Department of Environmental Protection (MA DEP) and the U.S. 
Environmental Protection Agency (EPA) posted and maintained signs advising against 
consumption of fish from the river. Studies have been performed in the Sudbury River to 
evaluate mercury bioavailability and the geographical extent of the mercury contamination 
in biota. General trends have been established for the predominant form of mercury within 
sediments and the biological effects of exposure to mercury. However, additional data are 
necessary to specify the sources of mercury in sediments and biota, and to conclude whether 
environmental concentrations pose a substantial threat to aquatic resources. 

NOAA’s Involvement - This Study 

To address these concerns and develop a scientifically defensible ecological risk assessment 
for the Sudbury River (Operable Unit-IV), EPA has elicited the help of other Federal agencies 
who have interests and concerns regarding natural resources and the improvement of 
impacted habitats. This study is one part of a larger, multi-agency program. Decisions about 
the site will be based on the combined results from all of the studies. The findings presented 
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in this report could be enhanced when supporting data are available. 

Because habitats could be used for migration, spawning, and nursery activities, the lower 
reaches of the Sudbury River are of concern to NOAA, who acts for the U.S. Department of 
Commerce as a trustee for natural resources. Trust resources (e.g., anadromous fish) will 
have access to the Sudbury River as far upstream as the Saxonville Dam Impoundment 
(approximately 13.5 km from the Nyanza site) when proposed fish passage facilities on the 
Concord River become operational. Sections of the river above this dam provide habitat for 
the catadromous American eel. As part of EPA’s joint effort, NOAA conducted a study to 
measure total- and methylmercury bioaccumulation and to estimate chronic effects on a 
resident bioindicator species. The freshwater mussel Elliptio complanata was selected to 
test effects from exposure to mercury-contaminated water, sediments, and food. Mussels 
were transplanted both to selected sites along the Sudbury River and a reference site in a 
distant reservoir. Our goal was to estimate mercury exposure and effects that could be used 
in EPA’s quantitative ecological risk assessment. The information obtained in the mussel 
transplant study will also help NOAA assess potential impacts to trustee natural resources. 

Use of Bivalves in Monitoring Programs 

Resident and transplanted populations of both freshwater and marine bivalves have been 
used as biomonitors of environmental contamination for almost 30 years, although the use 
of marine bivalves like Mytilus spp. has been more extensive (Bedford et al. 1968; Godsil 
and Johnson 1968; Young et al. 1976; Eganhouse and Young 1978b; Phillips 1980; 
McMahon 1991). Monitoring resident bivalve populations for the accumulation of 
contaminants has been the most common form of biomonitoring, but the development of 
transplant methodologies has increased the use of caged animals and has facilitated synoptic 
measurements of bioaccumulation and bioeffects (Salazar and Salazar 1995). This in-situ 
approach combines the experimental control of laboratory studies with the environmental 
realism of field monitoring to assess site-specific contamination and effects. Freshwater and 
marine mussels are probably the most common bioindicators because they are ubiquitous, 
sedentary, and responsive to their environment on both micro- and macro-geographical 
scales (Green et al. 1985). Their hard shells make them easy to collect, handle, cage, and 
measure; their sedentary nature makes them excellent for transplant studies. Mussels can 
integrate and accumulate bioavailable contaminants at concentrations orders of magnitude 
above those found in other environmental media (e.g., water or sediment). Their soft tissues 
can be analyzed to estimate contaminant uptake and exposure. Even though they can 
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tolerate elevated contaminant concentrations, mussels respond to environmental perturba
tions by altering their physiology and metabolism. Growth is commonly used as a measure 
of effects because it provides an integration of many biological processes (Salazar and 
Salazar 1995). 

E. complanata is a filter-feeding bivalve that is widely distributed in the streams of 
northeastern North America (Magnin and Stanczykowska 1971; Curry 1977; Heit et al. 
1980). It is a long-lived, sedentary organism that comes into contact with both sediment and 
water during filtration activities (feeding and respiration), and it can accumulate trace metals, 
including mercury, and organic contaminants (Kauss and Hamdy 1991; Metcalfe-Smith et 
al. 1992). E. complanata has been used in a number of monitoring studies with both 
resident populations (Tessier et al. 1984; Creese et al. 1986; Hinch and Stephenson 1987; 
Servos et al. 1987; Russell and Gobas 1989; Metcalfe and Charlton 1990; Campbell and 
Evans 1991; Elder and Collins 1991; Metcalfe-Smith and Green 1992; Metcalfe-Smith et al. 
1992) and transplanted animals (Curry 1977; Hinch and Green 1989; Day et al. 1990; 
Koenig and Metcalfe 1990; Kauss and Hamdy 1991; Langdon 1993). Freshwater bivalves 
are increasingly used as sentinels for trace metals, including mercury. The database 
associating bioaccumulation, bioeffects, and contamination in various environmental 
compartments such as water and sediment is making the results more useful in 
environmental assessments. 

Bioaccumulation of contaminants by the freshwater mussel E. complanata has been used to 
evaluate several major waterways, including the Niagara, St. Clair, and St. Mary’s rivers 
(Creese et al. 1986). In 1977, Curry (1977) proposed caged E. complanata as a practical 
approach for detecting organic trace contaminants in water after an exposure period of four 
to six weeks. Creese et al. (1986) presented a preliminary, standard, biomonitoring 
methodology for caged E. complanata based on their ability to accumulate environmental 
contaminants such as organochlorine compounds and heavy metals. Hinch and Green 
(1989) studied the effects of source and destination on growth and metal uptake in E. 
complanata reciprocally transplanted in Ontario lakes. Kauss and Hamdy (1991) used 
caged E. complanata to assess the availability of polynuclear aromatic hydrocarbons in 
sediment. Metcalfe-Smith et al. (1992) used two species of freshwater mussels (E. 
complanata and Lampsilis radiata) to evaluate the relationships between concentrations of 
metals in sediment and in mussel tissues. Metcalfe-Smith et al. (1992) also sought to 
determine whether mussels could provide useful information on the bioavailability of 
sediment-bound metals that is necessary to predict environmental effects. Metcalfe-Smith 
(1994) found that Elliptio complanata demonstrated a broader response range to metal 
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exposures (including mercury) than other species, suggesting that this species may be more 
sensitive to changes in pollution status. 

Tessier et al. (1992) evaluated mercury bioaccumulation kinetics in E. complanata and 
suggested that this species concentrates mercury primarily from the water column (e.g., in 
the dissolved phase or as food particles). Others have found similar results with different 
bivalve species (Davies and Pirie 1978; Fowler et al. 1978; King and Davies 1987; 
Muncaster et al. 1990). 

Investigators have shown that mercury is biologically available in marine, estuarine, and 
freshwater systems with availability partially dependent on the form of mercury present 
(Fowler et al. 1978; Riisgård and Hansen 1990). Mercury undergoes methylation and 
behaves differently than other “metals.” Methylmercury, the form of particular concern, 
more closely resembles organic compounds than metals with respect to mobility, 
bioavailability, accumulation/depuration, and toxicity. Previous studies have shown a 
preferential accumulation of methylmercury over other forms of mercury (Fowler et al. 1978; 
Tessier et al. 1984; Mohlenberg and Riisgrd 1990; Metcalfe-Smith et al. 1992). 

Relationships between the concentrations of mercury in water and in tissues have been 
demonstrated more consistently than those for sediment and tissue (Fowler et al. 1978; 
Tessier et al. 1994; Malley et al. in press). Although the concentrations of mercury measured 
in the water column are usually much lower than in bivalve tissues, the relationship between 
sediment and tissue mercury concentrations is equivocal, because sediment concentrations 
have been shown to be higher, lower, or the same as tissue concentrations (Bryan and 
Langston 1992; Metcalfe-Smith et al. 1992). Similarly, a number of studies have shown 
positive correlations between tissue burdens and sediment concentrations (Langston 1982 
1986; Bryan and Langston 1992) while others have shown no relationship (Luoma 1977; 
Rubinstein et al. 1983; Lasorsa and Allen-Gil 1995). 
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Objectives 

The primary objectives of the mussel transplant study conducted by NOAA were to: 

!	 Demonstrate the extent of bioavailable mercury within the downstream reaches of the 
Sudbury River resulting from operations at the Nyanza site; 

!	 Identify areas that could act as sources of mercury for transport downstream; and 

!	 Determine the effect of mercury exposure on a resident species. 

The data generated in this study can be used to identify areas that show significant mercury 
bioaccumulation and biological impacts as candidates for EPA remedial action. 

Methods 

Description of Study Area 

Mussels (E. complanata) were transplanted to eight stations during this study: six stations in 
the river downstream of the Nyanza site, one reference station upstream (river reference) of 
the facility, and one reference station in White Hall Reservoir (reservoir reference; Figures 
1A-1E). The White Hall Reservoir is connected to the Sudbury River by a small creek. EPA 
and other agencies participating in the investigation (NOAA, the National Biological Survey, 
the U.S. Geological Survey (USGS), the USFWS, and the Army Corps of Engineers) selected 
these reference stations and the impoundment stations. Each team member attempted to 
establish stations in the areas identified in the investigation. 

We selected stations that represented a gradient of mercury contamination associated with 
sediments. Highest sediment mercury concentrations were expected at Station 3, 
approximately 2.5 km from the Nyanza site. Stations were located as far downstream as the 
Concord River, approximately 39 km from the site. Final station locations were situated 
near the shore (water depths 0.6 to 1.3 m) for easy access from the shoreline. 

To compare mercury availability in free-flowing and impounded areas in the river, three 
stations plus one reference were located in impoundments (Stations 1, 4, 5, and 7) and three 
stations plus one reference were located in free-running segments of the Sudbury River 
(Stations 2, 3, 6, and 8). Stations 6 and 8 were located within wetland areas of the river in 
an attempt to assess availability of mercury where methylmercury production may be higher 
(St. Louis et al. 1994). Station descriptions and distances from the suspected mercury 
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source are provided in Table 1. Our Station 2 (Wood Street; river reference station) was 
situated upstream of the Cedar Street Bridge reference station used by other team members 
because of shallow water and high visibility of mussel racks near the Cedar Street Bridge. 

Table 1. Sediment sampling and mussel deployment locations.  Stations were either impoundment 
(I) or river (R) conditions. Approximate distance from suspected mercury source is 
provided. 

Location Stn. Type Distance 
White Hall Reservoir (WHR) 1 I* NA 
Wood Street (WS) 2 R* -4 km 
Reservoir 2 Inlet (R2I) 3 R 2.5 km 
Reservoir 2 (RES2) 4 I 4 km 
Saxonville Impoundment (SXI) 5 I 13 km 
Sherman Street Bridge (SSB) 6 R 26 km 
Fairhaven Bay (FHB) 7 I 33 km 
Thoreau Street Bridge (TSB) 8 R 39 km 

NA = not available 
*: reference station (see text for station selection) 

Mussel Collection, Processing, Deployment, and Retrieval Procedures 

E. complanata was used as the test species because it is endemic to the Sudbury River and 
has a demonstrated ability to accumulate mercury in laboratory and field studies (Metcalfe-
Smith et al. 1992; Tessier et al. 1992). E. complanata were collected from Lake 
Massesecum, Bradford, New Hampshire on June 26, 1994, and deployed the next day. The 
USFWS suggested this lake be the source of uncontaminated mussels because it had no 
known contaminant point sources nor any resident endangered bivalve species. A large 
mussel population ensured minimal disturbance to the resident population. Large beds of 
mussels were found in shallow water (0.5 to 3 m) overlying a predominantly sand substrate. 
Species identification was confirmed by a USFWS bivalve expert. Scuba divers from the 
New England Aquarium Dive Club hand-picked approximately 1,500 individuals in the 50
to 70-mm length range. Mussels were sorted into groups of 1-mm increments by measuring 
shell length with vernier calipers; 840 mussels ranging from 57 to 63 mm in shell length 
were selected for the study because this was the minimum size range with the maximum 
number of mussels. Smaller mussels were targeted because they were expected to grow 
faster. Mussels were temporarily held in buckets filled with lake water. Fresh lake water was 
added to the buckets approximately every hour for six hours until all mussels were 
distributed among the mussel racks. 
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Each rack consisted of a square frame (made from three-quarter-inch plastic PVC pipe) to 
which seven mesh bags were attached, each containing five mussels (total 35 mussels per 
rack; Figure 2A). Tube-shaped, plastic mesh bags (four-inch diameter; 0.5-inch mesh size) 
were knotted at each end to prevent mussels from escaping. Mussels within the bags were 
separated from each other by constricting the mesh with plastic washers. A random-number 
table was used to distribute the 24 racks among the eight stations (three racks per station). A 
total of 105 mussels was deployed at each of the eight stations. Procedures described by 
Salazar and Salazar (1995) were used to ensure a statistically similar mussel size distribution 
among all racks. The mesh bags on each rack were numbered from 1 to 7. Starting with the 
smallest-sized class mussels, all bags of a given number were filled consecutively (e.g., all 24 
racks had #1 bags filled before #2 bags). All mussels in each 1-mm size class were 
distributed before the next size class was used (Figure 2B). 

Before placement in mesh bags, each mussel was measured for shell length, width, height 
(Figure 3), and whole-animal wet weight. Each shell measurement was made to the nearest 
0.1 mm with vernier calipers; whole-animal wet weights were made to the nearest 0.01 g with
a portable analytical balance. Mean values (± standard deviation [SD]) by rack and station 
measured at the start of the test are provided in Table 2. The field assessment procedures of 
Salazar and Salazar (1995) are based on shell length and whole-animal wet weight; the 
additional shell measurements were made in this study to provide background information 
on this species of freshwater mussels. At the start of the test, there were no statistical 
differences in mussel lengths or whole-animal wet weights among the individual racks, or the 
groups of three racks randomly selected for each station (" = 0.05). 

Table 2. Mean shell (length, width, height; mm), whole-animal wet weight (g), and tissue weight (g-wet) 
measurements (± SD) by station for animals at T0 ( n = 105). 

2 

Station Length1 Width1 Height1 
Whole-Animal Wet 

Weight 
Tissue Weight

1-WHR 59.5 (1.55) 15.2 (1.21) 30.7 (1.64) 15.15 (2.56) 3.87 (0.54) 
2-WS 59.5 (1.69) 15.1 (1.14) 30.6 (1.61) 15.18 (2.38) 3.88 (0.51) 
3-R2I 59.5 (1.50) 15.4 (2.24) 30.7 (1.33) 15.10 (2.00) 3.86 (0.42) 
4-RES2 59.5 (1.45) 15.0 (1.11) 30.4 (1.45) 15.07 (2.23) 3.85 (0.47) 
5-SXI 59.5 (1.55) 15.3 (1.22) 30.8 (1.30) 15.09 (2.15) 3.86 (0.46) 
6-SSB 59.6 (1.43) 15.2 (1.11) 31.3 (3.37) 15.23 (2.17) 3.89 (0.46) 
7-FHB 59.6 (1.40) 15.2 (1.17) 30.5 (1.35) 15.12 (2.03) 3.87 (0.43) 
8-TSB 59.6 (1.42) 15.1 (1.13) 31.0 (1.47) 15.11 (2.23) 3.87 (0.47)
1  See Figure 3 for measurement information. 

2 Tissue weights calculated from regression equation based on a subsample of 30 individuals; see text for further details. 
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Mussels prepared for field-deployment were held in racks overnight in Lake Massesecum. 
Racks were retrieved the next morning and mesh bags containing mussels were placed in 
coolers containing only ice and newspaper. (Newspaper was used to separate mussels from 
the ice.) The mussels were not held in water during transportation. Mussels were moved 
from New Hampshire to Massachusetts by automobile. Deployment started at Station 8 and 
finished at Station 1. Mussels were out of water from 3 to 12 hours. Based on the current 
literature and discussions with Dr. Stansbery (Curator of Bivalve Mollusks, College of 
Biological Sciences, Ohio State University), this is the preferred method to transport E. 
complanata as it results in minimal stress for periods of up to 72 hours. 

Before deployment at each station, mussel bags were removed from the cooler and attached 
to the PVC racks with an overhand knot and plastic cable ties. Each of three racks was 
tethered with a one-meter line to a cinder block and placed on the river bottom. All practical 
attempts were made to situate the caged mussels over soft (i.e., muddy) substrates; areas with 
large rocks or boulders were avoided. 

Three sediment grabs were collected from each station for chemical analysis using a hand
held ponar. The grab was checked for integrity and completeness after sediment collection. 
Samples that contained rocks or other foreign material were discarded as were samples in 
grabs that did not completely close upon retrieval. On shore, the grab was released and 
sediments were deposited into a plastic tray. The top 5 cm of each sample was collected for 
analysis of selected chemicals and conventional parameters. 

Mid-Test Measurements 

Mid-test measurements were made after 42 days’ exposure (August 8, 1994) to ensure that 
the mussel racks were undisturbed and not overly fouled; to determine whether the mussels 
were growing; to determine whether mussels were accumulating mercury in the soft tissues; 
and to obtain another datum point for rate of mercury accumulation. 

Bags 1 and 2 were removed from each rack and all surviving mussels (n=10) processed. 
Mussels were presumed missing (i.e., not dead) if their respective space in the bag was 
empty. Mussels were considered dead only if empty shells or gaping, unresponsive 
individuals were found. Mussels were held in tubs containing site water to help ensure that 
the internal shell chambers were completely filled prior to whole-mussel, wet-weight 
measurement. Whole-animal wet-weights, shell measurements (i.e., length, width, and 
height), and tissue wet-weights were determined for each animal. For each rack, tissues from 
all mussels in 
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Figure 2A. Mussel rack arrangement used in study: five mussels per mesh bag, seven b 
per rack. 

Rack 1, Rack 2, Rack3, Rack4, Rack 5, Rack 24, 
Bag 1 Bag 1 Bag 1 Bag 1 Bag 1 Bag 1 

Figure 26. Individual mesh bags showing procedure used t o  distribute 
animals. All bags of a common number were filled before any of t he  next 
number. 



Bags 1 and 2 (n < 10) were composited and chemically analyzed for total mercury. All 
equipment used during the shucking procedure was first decontaminated with a warm soap 
wash, then rinsed, acetone-rinsed, hexane-rinsed, air-dried, and wrapped in foil. 

During the mid-test measurements, high mortality (>50 percent) was noted for animals 
transplanted at Station 6 (Sherman Street Bridge). Dissolved oxygen concentrations were 
suspected to be low at the original deployment location due to the high density of aquatic 
vegetation in the immediate area and the presence of a sulfur odor. The State of 
Massachusetts confirmed that episodes of low dissolved oxygen occurred during the summer 
in the area of the Sherman Street Bridge (Goldman Environmental Consultants, Inc. 1994). 
After retrieving Bags 1 and 2, the three racks were relocated approximately 50 m upstream 
in a less vegetated area. 
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End-of-Test Measurements 

The mussel racks were retrieved on September 18, 1994, after 84 days’ exposure. The mesh 
tubes containing mussels were removed from the arrays and placed in coolers containing 
crushed ice and newspaper; again using newspaper to separate the mussels from the ice. 
Mussels were measured according to methods previously described. Decontamination 
procedures were the same as at mid-test. Tissues from all surviving mussels for each rack 
(for all stations except Station 6: minimum of 19; maximum of 25 mussels) were pooled and 
frozen before chemical analysis. This procedure provided three replicates at all sites except 
Station 6 where only two replicates were available due to high mortality. A minimum of 
eight mussels were used in the composites for Station 6. 

Chemical Analyses 

The 24 sediment samples (three replicates for each of eight stations) collected during mussel 
deployment were analyzed for selected metals (antimony, arsenic, cadmium, chromium, lead, 
and mercury) and conventionals (total solids, total organic carbon, and grain size). The 
metals selected for analysis were the same as those analyzed by other agencies evaluating 
Sudbury River sediments. Antimony, arsenic, and lead were analyzed by graphite furnace 
atomic absorption spectrophotometry (GFA), cadmium and chromium were analyzed by 
inductively coupled argon plasma (ICP), and mercury by cold vapor atomic absorption (CVA). 
All metals analyses and grain-size determinations were conducted according to Puget Sound 
Estuary Program (PSEP) protocols (PSEP 1989). Total organic carbon (TOC) was analyzed 
according to the procedure provided in Plumb (1981) and total solids according to U.S. EPA 
Method 160.3 SM 2540 B (APHA/AWWA/WEF 1992). 

Mussel tissues were analyzed for total mercury and methylmercury concentrations according to 
the methods provided in Bloom (1989, 1992) and Bloom and Fitzgerald (1988). Initial total 
and methylmercury concentrations in mussel tissues before deployment in the Sudbury River 
were estimated by measuring a subsample of 30 mussels (61.3 to 63.8 mm in length; ten 
mussels in each of three replicates) collected from Lake Massesecum. Mid-test mussels were 
analyzed only for total mercury; end-of-test analyses included both methyl- and inorganic 
mercury. Methylmercury was analyzed in 50 -Fl aliquots of potassium hydroxide digest by 
aqueous-phase ethylation, isothermal gas-chromatograph separation, and cold vapor atomic 
fluorescence (CVAFS) detection (instrument detection limits of approximately 0.2 picograms). 
Total mercury was analyzed in 50-Fl aliquots of acid digest by SnCl2 reduction, dual gold 
amalgamation, and CVAFS detection. Detection limits for total and methylmercury were 
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0.0005 and 0.0002 Fg/g, respectively. The dry fraction material of the samples was determined 
by drying an aliquot (approximately 5 grams) overnight at 105EC in aluminum drying pans. 
Inorganic mercury concentration was calculated as the difference between total and 
methylmercury: 

Inorganic mercury concentration (ng/g) = total mercury concentration (ng/g) -

methylmercury concentration (ng/g) Equation (1) 

The total and methylmercury content were determined for all tissue samples by the following 
equation: 

Content (ng) = Concentration (ng/g) * Animal Weight (g) Equation (2) 

Inorganic mercury content was calculated as the difference between total- and methylmercury: 

Inorganic mercury content (ng) = total mercury content (ng) - methylmercury 

content (ng) Equation (3) 

The content information can be used to determine whether growing mussels have accumulated 
mercury, since the overall mercury concentrations (ng/g-dry weight) may actually decrease in 
fast-growing individuals due to growth dilution. Salazar and Salazar (1995) and Riisgård and 
Hansen (1990) have shown that faster-growing, smaller animals take up more contaminants, 
even though tissue concentrations decrease. Therefore, mercury content provides data on net 
uptake or depuration and was used in this study to determine whether mussels transplanted in 
the Sudbury River for 84 days contained more mercury than they did at the onset of the study. 

Temperature 

Water temperature conditions at each station were recorded at 24-minute intervals (i.e., 60 
observations per day) from June 26, 1994 to September 16, 1994 using one in-situ 
computerized data logger per station (HoboTemp, Onset Instruments). Data were downloaded 
from the logging devices using the instruments’ data recovery software. Temperature data for 
Station 1 (reference station) were recorded only from June 26, 1994 to July 13, 1994, due to a 
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malfunction in the temperature recording device. Data for this station was not included in the 
analysis. 

Water temperature conditions were fairly similar with short- and long-term cycles during the first 
half of the study and declining temperatures after the first week of August. Minimum and 
maximum temperatures are summarized in Table 3. Apparent differences between upstream 
and downstream stations, and between river and impoundment stations were observed. These 
differences were investigated using statistical approaches to test two primary hypotheses: 

1. Is the mean temperature different across stations, and 

2. Is the range of temperatures different across stations? 

Table 3. Summary of temperature conditions by station during study period. 

Station Date Range Minimum—Maximum ( C) 
1 6/26 - 7/13/94 22.7 - 31.5 
2 6/26 - 9/17/94 13.2 - 26.9 
3 6/26 - 9/17/94 14.8 - 28.1 
4 6/26 - 9/17/94 18.1 - 29.6 
5 6/26 - 9/17/94 16.5 - 29.4 
6 6/26 - 9/17/94 15.1 - 29.0 
7 6/26 - 9/17/94 15.6 - 30.0 
8 6/26 - 9/17/94 15.6 - 30.0 

The water temperatures measured during the study are within the natural range for E. 
complanata in the northeastern United States (Stansbery personal communication 1994), and 
are not expected to be a significant factor for either bioaccumulation or growth in this species. 
However, these data were subjected to a statistical evaluation to investigate the presence of any 
trends. The two hypotheses are addressed separately in the following sections. 

Testing for Differences in Mean Temperature 

The temperature series at Stations 2-8 displayed similar patterns with daily and seasonal cycles, 
as well as both short and long-term trends. These series showed very strong autocorrelations (a 
measure of the dependence between observations of the same series). The standard analysis of 
mean differences (e.g., t-test) requires independent observations. Therefore, the data from these 
series required transformation and subsampling to produce an uncorrelated series which would 
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adequately summarize the data. 

The data sets were reduced to daily mean temperatures to reduce both the internal variability 
and autocorrelation of each temperature series (Figure 4). The series of daily means for all 
stations displayed very similar patterns. Each series of daily means (each of length 82) exhibited 
autocorrelation beyond 20 lags. Each of the seven stations which had sufficient temperature 
data was paired with every other station resulting in 21 station pairs. An independent sample of 
daily mean differences of the stream temperatures was associated with each of these pairs. The 
pattern of these differences indicate whether one station is consistently warmer than another; if 
the differences are not distinguishable from zero, then the two stations can be said to have 
similar daily mean temperatures. The test of the hypothesis for differences in mean temperature 
was accomplished by comparing each independent sample of differences between two stations 
to zero via a one-sample t-test (using a two-tailed -level of 0.05). The results indicate that the 
mean temperatures were significantly different between most stations, with the exception of 
Stations 4 and 8, Stations 5 and 6, Stations 5 and 7, and Stations 5 and 8. The order of the 
mean temperatures was as follows: 

Sta 2 (WS) < Sta 3 (R2I) < Sta 6 (SSB) < Sta 5 (SXI) < Sta 7 (FHB) < Sta 8 (TSB) < Sta 4 (RES2). 

This temperature pattern is consistent with water residence times in a river system. Upstream 
stations (shorter water residence times) are cooler than the downstream stations, and stations in 
impoundments (i.e., Stations 4, 5, and 7) are generally warmer than faster flowing river stations. 

Testing for Differences in Temperature Range 

E. complanata is highly adaptable and can readily acclimate to changes in temperature; its 
natural habitat ranges from the Great Lakes area to the Gulf of Mexico and it therefore naturally 
experiences a wide temperature range (Stansbery personal communication 1994). To assess the 
effects of environmental conditions on growth in E. complanata, we evaluated temperature 
ranges over periods of one week. This time interval was selected because: seven days is a 
manageable time period, as opposed to comparisons based on an hourly or daily basis, it is 
expected to have some biological relevance, and it is a common interval used to measure 
changes in environmental conditions and growth in aquatic organisms. 
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Although some dramatic changes in temperature were observed on a daily basis, the overall 
trend was for temperatures to change slowly over time, with marked differences evident within 
periods of four to seven days. From a biological viewpoint, a seven-day period should provide 
time for the manisfestation and measurement of effects due to exposure to adverse condition. 
Although we did not monitor the mussels on a weekly basis, we calculated growth rates as 
mg/week. 

We calculated 12 weekly temperature ranges per station by subtracting minimum weekly 
temperatures from the maximum weekly. This series did not need additional subsampling 
because it was not significantly autocorrelated. The sample distribution (Figure 5) showed 
sufficient approximate normality and equality of variances to apply a one-way ANOVA. 

Weekly temperature ranges among the stations were signigicantly different (p = 0.032). To 
identify which stations in particular were different from one another, a Newman-Keuls Multiple 
Range test was used. The results of the analysis are presented in Table 4. 

Table 4. Results of Newman-Keuls Multiple Range Test on weekly temperature ranges. 

Station: 4 (RES2) 7 (FHB) 8 (TSB) 5 (SXI) 3 (R2I) 6 (SSB) 2 (WS) 
Mean of Ranges (EEC) 3.66 4.37 4.38 4.50 4.87 4.91 5.08 
Stations with significant difference:
 Sta 4 vs Sta 2 (p = 0.025*)
 Sta 4 vs Sta 6 (p = 0.051*) 

*Value is interpolated and not exact. 

Station 4 had the lowest average range of temperatures over the weekly periods. Stations 2 and 
4 were the only significantly different stations in their range of weekly temperatures. The results 
of the temperature range analysis are also consistent with the physical influence of flow patterns 
in rivers. Longer water residence times affect both the mean temperature as well as the 
variability due to an extended exposure to the heat in the surrounding environment. Residence 
time effects are consistent with our study’s results. Stations located in impoundments 
(particularly Station 4 located in Reservoir 2), had warmer temperatures and lower variability 
than would be expected from their relative position along the river system. 
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Statistical Analyses of Growth Parameters 

Growth of individual mussels was measured in this study. Individuals were identified by rack 
position and measured at the beginning and end of the study. Growth can be estimated from a 
variety of mussel metrics. In this study, mussel growth was calculated from changes in whole-
animal wet weight, shell length, shell weight, and tissue weight. Changes in whole-animal wet 
weight and length provide integrated measures of animal response. The error associated with 
the whole-animal wet-weight measurement is primarily due to air within the shell cavity that 
could add a low bias to the measurements. The error associated with the length measurement is 
uncertainty in locating the longest axis. The researchers minimized initial variability within and 
among stations by selecting mussels within a very narrow size range. 

Changes in tissue weights can also be used as an estimate of mussel growth. Determining soft-
body wet-weights is a destructive process. Thus, the initial tissue weight measurement could 
only be estimated from the following regression equation generated for the subsample of 30 
individuals measured at the start of the test: 

Initial tissue weight (g-wet) = 0.21 (whole-animal wet-weight) + 0.66 Equation (4) 

The error associated with using end-of-test tissue weight as an estimate of growth is primarily 
due to not knowing the exact tissue weight of the individuals before deployment. 

Shell weight also provides a measure of animal growth. However, as with tissue weights, only 
end-of-test shell weights can be obtained because this is a destructive process. The following 
regression equation was generated from the subsample of 30 individuals measured at the start 
of the test and used to estimate initial shell weights for the transplanted individuals: 

Initial shell weight (g-wet) = 0.44 (whole-animal wet-weight) + 0.21 Equation (5) 

All mussel metrics were recorded and analyzed; whole-animal wet weight, tissue weight, and 
shell weight were the metrics with the greatest potential for identifying stressed animals. To 
reduce variability attributable to water and facilitate comparisons with current literature, the dry-
weight data were used throughout our analyses. Both dry- and wet-weight tissue mercury data 
are provided in this report. The wet- to dry-weight conversions were made using the percent-dry 
fraction data provided by the analytical laboratory. There was a very high, significant 
correlation between wet and dry tissue weights (r2=0.97, "=0.05). 
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Mussels selected for deployment were between 57 and 63 mm in length. At the start of the test, 
mussels were sorted by length (to the nearest 0.1 mm), weighed (to the nearest 0.01 g), and 
distributed among the mesh bags. An analysis of variance (ANOVA; n = number of arrays) was 
used to ensure even distribution within arrays. No statistical difference was found in the 
distribution of mussels among the racks. Following the rack-by-rack analysis, the data for all 
mussels assigned to a station were pooled and re-analyzed on a station-by-station basis. 

Growth rates (mg/wk) were calculated for individuals according to the following equation: 

Growth rate (mg/wk) = weight(f)- weight(i)/number of weeks Equation (6) 

All data sets were analyzed for homogeneity in variances (Zar 1974) before conducting ANOVAs 
and Duncan’s multiple range test (NW Analytical StatPak, Ver. 4.1) to determine differences 
among stations. If data did not meet the requirements for parametric analyses, the non
parametric equivalents were used (i.e., Kruskal-Wallis non-parametric ANOVA and Dunn’s 
Multiple Comparison Test). At no station was there a significant difference among the three 
replicate racks. This allowed pooling of the data for each station and analyses on a station-by-
station basis. A correlation analysis was run between selected variables to help identify trends 
and potential relationships. All statistical analyses were run at the 95-percent confidence level. 

Results 

Overall, the test was considered successful because all mussel racks were retrieved. Results for 
mid- and end-of-test mussel measurements are presented in Tables 5A and B. End-of-test 
survival ranged from 83 to 95 percent at all sites except Station 6, where it was 36 percent; 
growth rates for these mussels were significantly lower than other downstream sites. Mussels at 
Stations 7 and 8 had the greatest increases in tissue weight, shell length, and whole-animal wet 
weight. Survival at Stations 1 and 2 was 83 and 91 percent, respectively; animals at these 
stations had negative changes in whole-animal wet weight suggesting no growth (Table 5B). 
Since mussels at Stations 1 and 2 appeared to be in poor condition and the mercury 
concentrations were much higher than expected, they did not qualify as reference stations, and 
the planned comparisons could not be made. These data will be included in the statistical 
analyses, but the results must be interpreted with caution. Although the data for Station 6 will 
be included for completeness, they were not included in statistical comparisons because of high 
mortality, low growth rates, and the station relocation at mid-test. 
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Table 5A. Mussel measurements at the start of the test (initial) and after 42 days’ (mid-test) exposure in 
the Sudbury River. Mussels in Bags 1 and 2 were used. 

Initial T0 (n=30) Mid-test Increase % % 
Station Mean ±SD Mean ±SD Mean ±SD Moisture N Survival 

1-WHR 3.47 0.27 3.72 0.64 0.25 0.57 
2-WS 3.58 0.40 3.49 0.58 -0.09 0.46 
3-R2I 3.56 0.37 3.85 0.45 0.29 0.42 
4-RES2 3.55 0.37 4.84 0.48 1.29 0.43 
5-SXI 3.66 0.36 5.11 0.55 1.44 0.52 
6-SSB 3.62 0.26 4.25 0.67 0.63 0.77 
7-FHB 3.69 0.39 5.36 0.71 1.67 0.44 
8-TSB 3.62 0.33 5.70 0.89 2.08 0.66 

Whole-Animal Length (mm) 
1-WHR 57.8 1.10 57.8 1.10 0.0 0.37 
2-WS 57.9 0.83 57.9 0.89 -0.1 0.20 
3-R2I 57.8 0.70 57.9 0.74 0.0 0.25 
4-RES2 57.9 0.73 59.6 1.22 1.6 0.66 
5-SXI 58.1 0.72 59.3 1.08 1.2 0.70 
6-SSB 58.2 0.68 58.7 1.04 0.5 0.26 
7-FHB 58.0 0.66 59.0 1.08 1.0 0.94 
8-TSB 58.0 0.65 59.5 1.33 1.6 1.14 

Whole-Animal Wet-Weight (g)
1-WHR 13.27 1.3 13.22 1.33 -0.05 0.41 
2-WS 13.77 1.9 13.37 1.74 -0.40 0.34 
3-R2I 13.68 1.7 13.68 1.69 0.00 0.30 
4-RES2 13.64 1.7 15.38 1.75 1.74 0.74 
5-SXI 14.16 1.7 15.69 2.03 1.53 0.78 
6-SSB 13.95 1.2 14.72 1.31 0.77 0.35 
7-FHB 14.28 1.8 16.14 1.98 1.86 0.96 
8-TSB 13.93 1.6 16.04 1.98 2.11 1.21 

Tissue Weights (g-wet) 
86.9 23 
87.6 29 
86.9 30 
84.9 22 
84.3 30 
87.2 13 
82.9 24 
82.5 27 

23 
29 
30 
22 
30 
13 
24 
27 

Growth Rate 
(mg/wk)1 

-24 23 
-64 29 

0 30 
252 22 
255 30 

15 13 
281 24 
318 27 

77% 
97% 

100% 
73% 

100% 
43% 
80% 
90% 

77% 
97% 
100% 
73% 
100% 
43% 
80% 
90% 

77% 
97% 
100% 
73% 
100% 
43% 
80% 
90% 
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Table 5B. Mussel measurements at the start of the test (initial) after 84 days’ exposure (end of test) in the 
Sudbury River. Mussels in Bags 3 through 7 were used. 

Initial Exposed Increase % % 
Mean ±SD Mean ±SD Mean ±SD Moisture N Survival 

1-WHR 4.03 0.54 4.29 0.7 0.26 0.49
2-WS 4.00 0.50 3.99 0.6 -0.01 0.49
3-R2I 3.98 0.39 4.26 0.5 0.28 0.50
4-RES2 3.98 0.46 5.79 0.8 1.81 0.61
5-SXI 3.94 0.47 5.09 0.9 1.15 0.92
6-SSB 4.00 0.48 5.33 0.7 1.33 0.68
7-FHB 3.94 0.43 6.26 1.1 2.32 1.15 
8-TSB 3.97 0.49 6.87 1.2 2.90 1.15

Whole-Animal Length (mm) 
1-WHR 60.2 1.2 60.5 0.3 0.2 0.29 
2-WS 60.1 1.6 60.2 0.1 0.1 0.26 
3-R2I 60.2 1.1 60.4 0.2 0.3 0.27 
4-RES2 60.1 1.2 62.0 1.9 1.9 1.14 
5-SXI 60.3 1.1 62.1 1.8 1.9 1.65 
6-SSB 60.2 1.2 60.6 0.4 0.3 0.64 
7-FHB 60.2 1.0 62.4 2.2 2.1 1.35 
8-TSB 60.1 1.2 62.8 2.7 2.6 1.76 

Whole-Animal Wet-Weight (g)
1-WHR 15.90 2.56 15.62 2.43 -0.28 0.57 
2-WS 15.74 2.34 15.43 2.29 -0.31 0.49 
3-R2I 15.67 1.82 15.80 1.62 0.13 0.44 
4-RES2 15.64 2.16 17.84 2.16 2.20 1.28 
5-SXI 15.46 2.21 17.62 2.60 2.16 1.99 
6-SSB 15.74 2.26 16.25 2.37 0.51 1.75 
7-FHB 15.46 2.02 18.82 2.17 3.36 1.86 
8-TSB 15.59 2.29 19.26 2.40 3.67 1.51 

Tissue Weights (g-wet) 
88.4 62 
87.1 68 

86.5 70 
85.4 71 
84.9 65 
84.3 27 
82.8 66 
81.8 65 

62 
68 
70 
71 

65 
27 

66 
65 

Growth Rate 
(mg/wk)1 

-21 62 
-38 68 
23 70 

185 71 
198 65 
46 27 

270 66 
303 65 

83% 
91% 
93% 
95% 
87% 
36% 
88% 
87% 

83% 
91% 
93% 
95% 
87% 
36% 
88% 
87% 

83% 
91% 
93% 
95% 
87% 
36% 
88% 
87% 

1Growth Rates based on changes in whole-animal wet-weight 
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Sediment Chemistry and Conventional Analyses 

Mean total mercury concentrations in sediments ranged from 0.07 at Station 7 (Fairhaven Bay) 
to 17.9 mg/kg-dry at Station 3 (Reservoir 2 Inlet). The second highest total mercury 
concentration, 5.4 mg/kg-dry, was measured in sediments from Station 5 (Saxonville 
Impoundment). Although the high measurement was over two orders of magnitude greater than 
the low measurement, sediments from six of the eight stations had total mercury concentrations 
less than or equal to 0.5 mg/kg (Table 6). Total-mercury concentrations in sediments collected 
from Reservoir 2 (Station 4) were very low. Elevated concentrations of chromium and lead were 
also detected in sediments, with the highest concentrations at Stations 3 (Reservoir 2 Inlet) and 
5 (Saxonville Impoundment; Table 6). 

Correlation analyses were run on the following metals measured in sediment: mercury, 
chromium, lead, and cadmium. These metals were selected for correlation analysis because 
measured concentrations in sediments exceeded concentrations known to produce adverse 
effects in aquatic organisms in other studies; mercury and chromium are the primary 
contaminants of concern associated with Nyanza. Results of the correlation analyses (Table 7) 
show a strong, significant association between mercury and chromium, with a correlation 
coefficient of 0.98 (r0.05,(2),6=0.707). Mercury was not strongly associated with other metals, but 
there was a strong association between cadmium and lead (r2 = 0.91). Both mercury and 
chromium concentrations were moderately associated with TOC concentration (r2= 0.72 and 
0.77, respectively). Lead and cadmium were weakly associated with TOC (r2 = 0.53 and 0.5, 
respectively). 

The grain size analyses showed sediments varying in composition (Table 6). Although attempts 
were made to locate stations in similar substrate types, Stations 2, 4, 7 and 8 were 
predominantly sand (>80 percent sand) while the remaining stations were predominantly fines 
(61 to 80 percent silt and clay). TOC concentrations ranged from 1.62 to 11.7 percent (Table 
6). The correlation analysis indicates a significant positive correlation between fines and TOC 
(r2 = 0.80). 
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Table 6. Results of selected trace element analyses and conventional parameters for sediments collected 
from Whitehall Reservoir and the Sudbury River. 

1-WHR 2-WS 3-R21 4-RES2 5-SXI 6-SSB 7-FHB 8-TSB 

Trace Elements (mg/kg-dry) 1 

Mercury 0.17 0.11 17.9 0.17 5.4 0.5 0.07 0.36 
Chromium 24.3 10.3 152.3 14 78 22.3 7.9 28 
Lead 132.7 107 225 17.7 410 58.7 5.4 40 
Antimony U (0.4) U (0.3) 1.4 U (0.2) 1.1 U (0.5) U (0.2) U (0.2) 
Arsenic 5.9 3.7 12.2 3 11.9 8.1 9.2 10.7 
Cadmium U (0.8) 0.6 3.3 0.4 10 3.6 0.3 1 

Physical Parameters (%) 2 

TOC 5.93 3.45 11.7 3.37 7.7 10 1.62 4.58 
Total solids 

Grain size 

22.87 43.97 18.57 49.43 19.28 18.98 65.98 38.79 

Sand 17 82 30 80 38 34 90 85 
Silt 70 14 58 16 46 42 6 10 
Clay        10 3 10 2 14 22 4 5 
U Undetected; concentration in parentheses equals the detection limit. 
1 Concentrations were determined as the mean of three replicate samples. 
2 Measurements were made on one sample only at each station, except for grain size at Station 6, determined 

as a mean of triplicate samples. 

Detection Limits (mg/kg) 
Cadmium 0.2 
Chromium 0.5 
Arsenic 0.1 
Lead 0.1 
Antimony 0.1
 Mercury 0.05 

Tissue Chemistry 

All tissue chemistry data reported here (Table 7; Figures 6 and 7) represent the mean of three 
replicate samples and have been rounded to two significant digits. Although results in Table 7 
are presented on both a wet- and dry-weight basis, only the dry-weight data are discussed in the 
text. The laboratory that performed the chemical analyses obtained a uniform homogenate. 
The laboratory conducted both duplicate analyses of the same digest, and duplicate digestions of 
a mussel composite. Their results indicate that the variance between replicates is similar to the 
variance associated with multiple extractions of a given sample (approximately 16 to 20 percent 
variability). 
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The laboratory quality assurance results provided for tissue analyses were within the specified 
control limits for this study. Analytical and injection replicate results for both total and 
methylmercury analyses indicated that results are within the acceptable limits of ±35 relative 
percent difference (RPD). Samples were not affected by the total- or methylmercury detected in 
the method blanks, because all sample results were greater than five times the amount of 
contamination found in the corresponding method blank. 

Standard Reference Materials (SRM) were analyzed for both total and methylmercury 
determinations on mussel tissue. All SRM percent recoveries for total mercury in the initial, 
middle, and final stages of the study fell within the control limits. The SRM percent recovery for 
methylmercury in the initial stage also fell within control limits. Methylmercury analysis was not 
conducted for samples collected in the middle stage. The SRM percent recovery for 
methylmercury in the final stage fell slightly below the control limits (86 percent vs. 92 percent). 

Initial Tissue Mercury 

Tissues of mussels collected from Lake Massesecum had mean total and methylmercury 
concentrations of 640 (±103) and 140 (±9.29) ng/g-dry, respectively (Table 7). These 
concentrations were much higher than expected for mussels collected from a relatively pristine 
lake. Methylmercury accounted for approximately 22 percent of the total mercury. Initial mean 
tissue total mercury content was 510 (±125) ng; initial mean tissue methylmercury content was 
110 (±18.2) ng. Initial mean tissue inorganic mercury concentration was 500 ng/g-dry; initial 
mean tissue inorganic mercury content was 400 ng per mussel. 

Mid-Test Tissue Mercury 

After 42 days’ exposure, mussels had mean tissue total mercury concentrations ranging from 
330 to 930 ng/g-dry. The tissue total mercury concentrations decreased with distance from 
Nyanza (Table 7; Figure 6). Mean total mercury concentrations in mussel tissues at the 
reference stations (Stations 1 and 2) increased by approximately 110 to 140 ng/g-dry. Mean 
total mercury concentrations in tissues of mussels closest to Nyanza (Station 3) increased by 
about 290 ng/g-dry. Mean tissue total mercury concentrations decreased by 90 to 310 ng/g-dry 
for mussels at all other stations. 
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Table 7. Tissue mercury concentrations (±SD) in mussels collected from Lake Massesecum at the start of the test; growth and tissue mercury 
concentrations by station for mussels after 84 days’ exposure in the Sudbury River. 

Growth Rate Total Hg Methyl Hg Total Hg Methyl Hg Inorganic Hg Total Hg Methyl Hg Inorganic 
Station (mg/wk) (ng/g wet) (ng/g wet) (ng/g dry) (ng/g dry) (ng/g dry) Content (ng) Content (ng) Content (ng) % MeHg 

Initial - 120 (20) 25 (1.66) 640 (103) 140 (9.29) 500 510 (125) 110 (18.2) 400 22 

Mid Test 
1-WHR -24 99 (22.4) - 750 (165) - - 370 (116) - - -
2-WS -64 96 (17.7) - 780 (179) - - 330 (66.3) - - -
3-R2I 0 120 (9.60) - 930 (79.4) - - 470 (60.0) - - -
4-RES2 252 84 (8.02) - 550 (47.1) - - 400 (54.3) - - -
5-SXI 255 85 (7.81) - 550 (70.0) - - 440 (56.4) - - -
6-SSB 15 67 (13.6) - 520 (104) - - 310 (66.5) - - -
7-FHB 281 63 (8.66) - 370 (60.6) - - 330 (45.2) - - -
8-TSB 318 58 (6.46) - 330 (31.9) - - 320 (50.7) - - -

End of Test 
1-WHR -21 100 (5.43) 41 (4.19) 890 (85.5) 360 (46.7) 530 440 (70.4) 180 (28.5) 270 40 
2-WS -38 110 (17.3) 33 (5.41) 850 (71.9) 260 (44.3) 600 440 (90.5) 130 (28.0) 310 30 
3-R2I 23 130 (5.53) 43 (3.89) 950 (33.3) 320 (29.6) 640 550 (73.1) 180 (25.2) 370 33 
4-RES2 185 100 (26.3) 38 (2.08) 690 (228) 260 (24.8) 430 570 (140) 220 (33.4) 350 38 
5-SXI 198 78 (5.40) 29 (6.47) 520 (56) 200 (49.8) 320 390 (64.5) 150 (31.0) 240 38 
6-SSB 46 94 (26.6) 27 (3.96) 590 (127) 170 (42.8) 420 450 (108) 150 (25.5) 350 33 
7-FHB 270 69 (8.95) 24 (2.44) 400 (51.1) 140 (11.0) 260 430 (92.5) 150 (31.2) 280 34 
8-TSB 303 62 (5.96) 24 (0.81) 340 (35.7) 130 (3.5) 210 430 (59.5) 170 (20.1) 260 39 
- = Not Measured or Not Applicable
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Figure 6. 	 Initial and end-of-test tissue concentrations of total, methyl, and inorganic
 mercury (ng/g-dry) by station (+/- 2SE). * indicates end-of-test tissue 
concentration significantly different than initial concentration. Station 6
 data are presented for comparative purposes only (open bar); they were not
 included in the statistical analyses. 
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Figure 7. Initial and end-of-test tissue content of total, methyl, and inorganic
 mercury (ng-dry) by station (+/- 2SE). * indicates end-of-test tissue 
content significantly different than initial content. Station 6
 data are presented for comparative purposes only (open bar); they were not
 included in the statistical analyses. 
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End-of-Test Tissue Mercury 

The mean concentrations of total, inorganic, and methylmercury in mussel tissues decreased 
downstream (with distance away) from Nyanza (Figure 6). Compared to initial values, mean 
methylmercury content in mussel tissues increased at all stations, while mean inorganic content 
decreased and mean total content remained about the same (Figure 7). 

Mean tissue total mercury concentrations ranged from 340 ng/g-dry at Station 8 to 950 ng/g-dry 
at Station 3. These concentrations were similar to mid-test tissue total mercury concentrations. 
The downstream gradient of decreasing tissue total mercury concentrations persisted through 
the end of the test (Figure 4). Mean tissue total mercury concentrations for mussels at the two 
reference stations (Stations 1 and 2) increased above the mid-test concentrations to final 
concentrations of 890 and 850 ng/g-dry, respectively. These concentrations were slightly lower 
than those measured in mussels deployed at Station 3, the station closest to Nyanza. Mean 
tissue total mercury concentrations were significantly higher at Stations 1, 2, and 3 at the end of 
the test than at the start; mean tissue total mercury concentrations at Stations 7 and 8 were 
significantly lower at the end of the test than at the start ("=0.05). At the end of the test, the 
tissue total mercury concentrations for mussels at Stations 1, 2, and 3 (850 to 950 ng/g) were 
significantly higher than for mussels at Stations 7 and 8 (340 to 400 ng/g). 

Mean tissue methylmercury concentrations ranged from 130 ng/g-dry to 360 ng/g-dry, with the 
lowest concentration measured in a mussel from Station 8 and the highest at Station 1. Tissue 
methylmercury concentrations generally paralleled those of total mercury (Figure 6): 
concentrations were significantly higher at Stations 1 through 4 at the end of test than at the 
start, and the tissue methylmercury concentrations for mussels at Stations 1 and 3 (320 to 360 
ng/g) were significantly higher than measured in mussels at Stations 7 and 8 (130 to 140 ng/g). 

The mean inorganic mercury concentration in tissues decreased for mussels at all stations 
downstream of Station 3 (Figure 6). Tissue concentrations of inorganic mercury for the 
reference mussels and Station 3 mussels were higher than the initial concentration, but this 
increase was not statistically significant. The tissue inorganic mercury concentrations at Stations 
7 and 8 were significantly lower than at the start of the test. 

The mean concentrations of total-, inorganic-, and methylmercury in tissues of mussels at 
Stations 1 and 2 (the reference stations) were not significantly different than the concentrations 
measured in mussels transplanted at the station situated nearest Nyanza. The data suggest that 
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 mussels at Stations 1 and 2 were exposed to bioavailable mercury and thus may not be 
appropriate as reference animals. 

The mean tissue content data indicate that there were no significant changes in the total amount 
of mercury within the mussel tissues (Table 7; Figure 7). Except for Stations 3 and 4, the total 
mercury content in all mussel tissues was slightly lower at the end of the test. Total mercury 
content increased slightly for mussels at Stations 3 and 4. Methyl-mercury content per mussel 
increased at all stations during the course of the test (Table 7; Figure 7). This increase was 
statistically significant for mussels at all stations except Stations 2 and 6, where the 
methylmercury content increased by 20 and 30 ng, respectively. For mussels at the other 
stations, the methylmercury content increased by 40 to 110 ng, with the greatest increase at 
Station 4. Mussels at all stations had inorganic mercury contents that were lower than at the 
start of the test, but these decreases were not statistically significant (Figure 7). 

The proportion of methylmercury within the total mercury content of mussels increased at all 
stations during the test. Methylmercury accounted for 30 to 40 percent of the total mercury 
content in mussels at the end of the test, compared to an initial composition of 22 percent 
methylmercury (Table 7). 

(r

The correlation analysis for total mercury concentrations in sediment and tissues resulted in an 
r-value of 0.446 (Table 7). This relationship is not significant at the 95-percent confidence level 

0.05,(2),6= 0.707; Zar 1974). Correlation analyses were also conducted on TOC-normalized 
sediment mercury concentrations, but normalizing did not raise the correlation. Since high total 
mercury concentrations were predicted for Station 4 sediments, and other investigators’ results 
were up to two orders of magnitude higher, their chemistry data were used in a separate 
correlation analysis. This substitution did not increase the correlation. An r-value of 0.381 was 
obtained for sediment total mercury versus tissue methylmercury concentration (Table 8). 

Mussel Growth 

The best estimates of mussel growth in this study were final tissue weights and change in tissue 
weight, change in whole-animal wet weights, and change in shell length. Although changes in 
shell weight differed among stations, the ecological significance of these data are unclear (Figure 
8; Table 5B). Apparent changes in shell width and height were within measurement error and 
were not useful metrics. The ranges in response measured among animals at all test stations at 
the end of the study are presented in Table 9. 
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Mid-test Observations 

Mid-test survival rates varied from 43 to 100 percent (Table 5A). The low survival for 
individuals transplanted to Station 6, in addition to observations of sulfur in the sediment and 
dense plant material, caused us to relocate Station 6 mussels mid-test. 

Mussels at Stations 1 and 2 decreased slightly in whole-animal wet-weight; mid-test growth rates 
(based on changes in whole-animal wet weights) for these mussels were -24 and -62 mg/week, 
respectively. Mussels at Station 3 (near Reservoir 2 Inlet) did not grow. Mussels appeared to 
grow at all stations below Nyanza, although mussels at Station 6 had a very low growth rate (15 
mg/week). Mussels from Station 8 had the highest growth rates at 318 mg/week. Table 5A 
presents mid-test growth measurements. 

Changes in tissue weight and shell length were similar to the changes observed for whole-animal 
wet weights. There was little change for animals at Stations 1, 2, 3, and 6, while mussels at 
Stations 4, 5, 7, and 8 showed increases. 

End-of-test Growth 

In general, mussel growth increased from Station 1 to Station 8 as shown by increases in whole-
animal wet weights, lengths, tissue weights, and shell weights (Figure 8). Based on changes in 
tissue weight, whole-animal wet-weight, and whole-animal shell length, Stations 1, 2, and 3 had 
very low or negative growth and form a statistical grouping. Stations 7 and 8 had the highest 
growth and also form a separate statistical grouping. It is difficult to include Stations 1 and 2 in 
these comparisons. Mussels at both the White Hall Reservoir and Station 2 had unexpectedly 
high tissue concentrations of mercury. Beginning with Station 4, mussel growth rates generally 
increased with distance away from the site, except for Station 6. 

Considering all the metrics evaluated, mussels at Stations 1, 2, and 3 demonstrated little to no 
growth (Figure 8; Table 5B). Based on changes in whole-animal wet-weight, mussels at Stations 
7 and 8 had the highest growth rates. Similarly, statistical analyses confirm that mussel growth 
metrics from Stations 1, 2, and 3 were similar (although only Stations 1 and 2 sometimes form 
the group), as they were at Stations 7 and 8 (Figure 8). 

Figure 9 shows the change in percent water in mussel tissues during the test period. There is a 
decreasing gradient with distance from the White Hall Reservoir. End-of-test percent water 
concentrations ranged from 81.8 to 88.4; initial concentration was 81.9 percent. Mussels at 
Stations 7 and 8 showed very little change in water concentration during the test. There was a 
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Table 8.	 Results of correlation analyses (r-values) on selected parameters.  Bold numbers = significant 
correlation (rcrit = 0.707; 95% confidence level) 

A. Sediment Metal Concentrations and Conventionals versus tissue mercury levels. 
Mercury Chromium Lead Cadmium TOC % Sand % Silt % Clay 

Mercury 1 
Chromium 0.981 1 
Lead 0.547 0.662 1 
Cadmium 0.393 0.527 0.913 1 
Total Organic Carbon 0.720 0.767 0.529 0.503 1 
% Sand -0.447 -0.525 -0.569 -0.451 -0.797 1 
% Silt 0.182 0.559 0.582 0.405 0.740 1 
% Clay 0.182 0.267 0.383 0.528 0.767 1 
Tissue[THg] 0.446 
Tissue[MeHg] 0.381 
Tissue-THg-Content 0.359 
Tissue-MeHg-Content 0.176 

B. Tissue mercury levels vers
|------------Concentration-----------

| 
Tissue Tissue Tissue 

us mussel metrics (with Sta6 included in analyses).
|--------------Content---------------| 

Tissue Tissue Tissue Tissue Percent 

Tissue Weight 
Whole Animal Growth 

[THg] 
-0.924 
-0.982 

[MeHg] 
-0.858 
-0.754 

[InoHg] 
-0.910 
-0.918 

THg 
-0.184 
-0.232 

MeHg 
0.031 
0.149 

InoHg 
-0.299 
-0.198 

Weight 
1 

0.913 

Water 
0.965 
0.868 

Whole Animal Length 
Shell Weight 

-0.850 
-0.873 

-0.684 
-0.746 

-0.893 
-0.894 

-0.249 
-0.176 

0.207 
0.183 

-0.172 
-0.135 

0.858 
0.902 

0.791 
0.844 

C. Tissue mercury levels versus 
|------------Concentration-----------

| 
Tissue Tissue Tissue 

mussel metrics (without Sta6 included in analyses).
|--------------Content---------------| 

Tissue Tissue Tissue Tissue Percent 

Tissue Weight 
Whole Animal Growth 

[THg] 
-0.925 
-0.947 

[MeHg] 
-0.881 
-0.875 

[InoHg] 
-0.911 

-0.946 

THg 
-0.195 

-0.203 

MeHg 
0.050 
0.080 

InoHg 
-0.309 
-0.340 

Weight 
1 

0.949 

Water 
0.972 
0.945 

Whole Animal Length 
Shell Weight 

-0.941 
-0.931 

-0.853 
-0.872 

-0.948 
-0.924 

-0.210 
-0.144 

0.111 
0.013 

-0.368 
-0.274 

0.923 
0.941 

0.907 
0.925 
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Table 9. Ranges in response for the growth metrics measured at the end of the study. 

Growth Metric Lowest Value Highest Value Observed 

Growth rate based on whole-animal wet weight -21 mg/wk 303 mg/wk 

Change in tissue weight (g-wet) 0 g 2.90 g 

Change in whole-animal shell length 0.1 mm 2.6 mm 

Change in empty shell weight -0.25 g 2.01 g 

negative relationship between percent water and growth rate, with the data falling into four 
distinct groups (Figure 10). 

Comparisons Between Tissue Mercury Concentrations and Growth. 

Correlation analyses (NW Analytical StatPak, Ver. 4.1) were conducted on various mussel 
growth metrics and mercury concentrations (Table 8). Station 6 was not included in these 
analyses because the station was considered an outlier. The significant correlation coefficients 
resulting from that analysis are shown in Table 10. 

No significant correlations were found for tissue mercury content (on a per-animal basis) and 
mussel growth metrics. Station 6 data were excluded from these analyses because of the high 
mortality and the low growth rates observed for these mussels. Regression analyses (NW 
StatPak, Ver. 4.1) were conducted on the three forms of mercury and the three mussel growth 
metrics (Figures 11-13). Based on the r2 values, for each mussel growth metric, the relationship 
between methylmercury is not as strong as for either total or inorganic mercury. 

Ancillary Observations 

Mussels and racks at reference Station 1 (White Hall Reservoir) looked clean and scrubbed. 
Unlike the other stations, there was very little algal fouling or growth of plant matter directly on 
the racks. Mussels deployed at Station 2 had very fragile shells and the plastic tag labels were 
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Table 10. Significant correlation coefficients. 

Comparison r value 
WAWW* growth vs. tissue total mercury concentration -0.95 
WAWW growth vs. tissue methylmercury concentration: -0.88 
WAWW growth vs. tissue inorganic mercury concentration -0.95 
EOT** tissue weight vs. tissue total mercury concentration -0.93 
EOT tissue weight vs. tissue methylmercury concentration -0.88 
EOT tissue weight vs. tissue inorganic mercury concentration -0.91 
EOT shell length vs. tissue total mercury concentration -0.94 
EOT shell length vs. tissue methylmercury concentration -0.85 
EOT shell length vs. tissue inorganic mercury concentration 0.95 
EOT shell weight vs. tissue total mercury concentration -0.93 
EOT shell weight vs. tissue methylmercury concentration -0.87 
EOT shell weight vs. tissue inorganic mercury concentration: -0.92 
* whole-animal wet weight 
** end of test 
(Critical r-value r0.05,(2),5=0.755; all correlations are significant at the 95
percent 
confidence level.) 

were dissolved. Mussels deployed at Station 4 (Reservoir 2) had an oily sheen and distinct odor 
of petroleum product. Mussels at Station 6 (Sherman Street Bridge) required relocation because 
of presumed low-oxygen conditions and poor mussel survival. Most of the dead mussels were in 
the smaller size classes. The surviving mussels were relocated to an area where dissolved oxygen 
concentrations were expected to be better. No other abnormalities were noted. 

Discussion 

Extent of Mercury Bioaccumulation 

The primary goal of this study was to determine the geographic extent of bioavailable 
methylmercury within the reaches of the Sudbury River below Nyanza. Results based on 
evaluations of methylmercury concentration and content data suggest that methylmercury was 
biologically available to E. complanata in an area extending from the White Hall Reservoir to 
Thoreau Street Bridge. 
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The concentration data suggest that only mussels at Stations 1, 2, and 3 (stations where mussel 
growth was minimal) accumulated methylmercury, hence elevating their total mercury burdens. 
However, the content data, which normalizes the data for growth, strongly suggests that mussels 
at all stations actively increased their methylmercury burden. Total mercury burdens were 
maintained by a decrease in the inorganic mercury burden for mussels at all stations. Measured 
increases in methylmercury are attributed to accumulation from either water or sediments. 

Study results are consistent with elevated concentrations of methylmercury in the water column 
(Coleman 1994), in sediments, and in fish tissues (NUS 1992), and with current advisories 
against the consumption of fish in this area (Maietta 1990). Concentrations of methylmercury 
increased during the study period in transplanted mussels at all stations except 7 and 8, which 
were closest to the Concord River and surrounded by wetlands. The lack of change in 
methylmercury concentration for mussels at these two stations could suggest an interpretation, 
based on concentration data, that methylmercury was only available in the non-wetland areas 
near Nyanza (Stations 3-5). However, the significant increases in methylmercury content for 
mussels at all stations except 2 and 6 suggest that methylmercury is bioavailable in all areas, 
including the wetlands, and is not being depurated by the mussels. Calculations of the amount of 
growth that would be necessary to account for the changes in measured tissue methylmercury 
concentrations demonstrate that growth dilution cannot completely explain increases in 
methylmercury. The results of this study emphasize the difficulty in interpreting data, and 
demonstrate the need to examine not only concentration, but also content per animal and growth 
effects. These results also reaffirm the importance of making synoptic measurements of bioaccu
mulation and growth as suggested previously by others (Depledge and Rainbow 1990). 

Measuring both total and methylmercury helped us identify the corresponding decreases in 
inorganic mercury. Although we did not measure inorganic mercury directly, we have assumed 
that inorganic mercury is equivalent to the difference between total and methylmercury. Two 
methods were used to determine total mercury concentration in tissues at the end of the test: hot 
acid digestion and sum of species. Overall, the totals determined by acid digestion were about 10 
percent higher than the totals determined by sum of species. Almost all of this difference was in 
the animals from Stations 1, 2, and 3; the analytical laboratory suggests other forms of organic 
mercury (e.g., methylmercury) make up the difference. 

The inorganic mercury content in mussels decreased at all Sudbury River stations. Except at 
Stations 3 and 4, this loss of inorganic mercury would most likely be significant with expected 
lower variances in the chemical data. The depuration of inorganic mercury was not unexpected, 
since several investigators have reported similar results (Cunningham and Tripp 1975; Fowler et 
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Figure 11. 	 Regression relationships for mussel tissue concentrations of total, methyl
and inorganic mercury and mussel growth rates (changes in whole-animal wet
weights). Station 6 was excluded from these analyses. 
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Figure 12. 	 Regression relationships for mussel tissue concentrations of total,
 methyl-and inorganic mercury and changes in mussel tissue dry weight.
 Station 6 was excluded from these analyses. 
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 was excluded from these analyses.


46 



al. 1978; Riisgård et al. 1985). In general, filter-feeding bivalves and other animals tend to 
accumulate methylmercury and release inorganic mercury. The tissue inorganic mercury 
concentration data suggest a trend similar to that seen for the total and methylmercury 
data—accumulation by animals closest to Nyanza and depuration by those farthest away. 
Decreases in inorganic mercury content on a per-mussel basis indicate that mussels at all stations 
depurated inorganic mercury. Examining only total mercury concentrations can be equally 
deceiving. The concentration data suggest accumulation by animals closest to Nyanza and 
depuration by those in the wetland area near the Concord River. However, the total mercury 
content data indicate that there were no statistically significant changes in total mercury content 
on a per animal basis, although a less variable dataset might have shown some statistical 
differences. However, the balance shifted: methylmercury increased while inorganic mercury 
decreased. 

There is little evidence that mussels convert inorganic mercury to methylmercury; most of the 
evidence suggests that bivalves are incapable of methylation (Fowler et al. 1978; Bryan and 
Langston 1992). Thus the likeliest explanation for the increase noted in methylmercury 
concentration in mussel tissues during the field exposure is preferential accumulation of organic 
mercury. This has been demonstrated in several species of freshwater, estuarine, and marine 
bivalves (Fowler et al. 1978; Riisgård and Hansen 1990; Bryan and Langston 1992; Tessier et al. 
1994; Malley et al. in press). Methylmercury was accumulated at all sites, but it is not clear 
whether all of this mercury originated at Nyanza. 

Sources of Bioavailable Mercury 

A second objective of our study was to identify areas near Nyanza that might act as sources of 
methylmercury for transport to downstream locations. We anticipated that sediments from 
Stations 3, 4, and 5 would have high total mercury concentrations. Sediment mercury 
concentrations were low at all stations except Station 3 (17.9 mg/kg) and Station 5 (5.4 mg/kg), 
which were about two orders of magnitude above concentrations measured at Station 4 in 
Reservoir No. 2. Data presented by Wiener et al. (1994) suggest a total mercury concentration in 
sediments of about 18 mg/kg for Reservoir No. 2 compared to our value of 0.17 mg/kg. Our 
station was located nearshore, at the base of an embankment. Clean soil from the embankment 
is likely to have eroded into the local area of our station. 

Total mercury in sediment did not correlate with total mercury in mussel tissue when all stations 
(except 6) were used. This correlation remained statistically insignificant even after normalizing 
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for total organic carbon or using the sediment data from Wiener et al. (1994). However, tissue 
and sediment mercury concentration were significantly correlated when the reference stations 
were excluded from the analysis. Despite a low concentration of total mercury in sediment at 
Station 4, mussels at this site accumulated the most methylmercury content on a per-animal 
basis. The high methylmercury concentrations in tissue could be associated with a high 
methylmercury concentration in water, as measured in another concurrent study (Coleman 
1994). 

Sediment and water are both potential sources of mercury to mussels. Mussels most likely 
accumulated water-borne methylmercury by ingesting contaminated food or sediment particles. 
Tessier et al. (1992) indicate that E. complanata actively accumulates mercury from the water 
and found a significant relationship in laboratory exposures. Both laboratory and field studies 
have demonstrated the importance of food particles (King and Davies 1987; Bruner et al. 
1994b). Metcalfe-Smith et al. (1992) found some relationships between mercury in sediment and 
accumulation by E. complanata and Lampsilis radiata in a field study, but the results were 
equivocal. In two studies in Southern California with Mytilus californianus, Eganhouse and 
Young (1978 a,b) found no relationship between tissue concentrations of mercury in caged 
mussels placed different distances away from the sediment, and concluded that the sediment was 
not a source of bioavailable mercury to the mussels. In other studies with natural populations 
(Eganhouse and Young 1976, 1978a), mercury was not available close to the source of 
contamination (a sewage outfall), but became more available with distance away from the source 
of mercury. Organic material associated with outfall material apparently made the mercury less 
available to the mussels (Eganhouse et al. 1978). Similar results have been reported for 
freshwater unionids in both laboratory and field exposures (Breteler et al. 1981; Bryan and 
Langston 1992). 

In our study, it is not clear whether the immediate source was dissolved or particulate methylmer
cury, or both. Based on laboratory studies, Tessier et al. (1984) has shown that E. complanata 
filters particles that are predominantly in the 10 to 13 F size range. These small particles also 
tend to sequester the highest concentration of contaminants because of their relatively high 
surface-to-volume ratio (Boese et al. 1988). Mercury accumulation from sediments accounts for 
relatively high concentrations in deposit feeders in both freshwater and estuarine systems 
(Jernelov and Lann 1971, Kiorboe et al. 1980, Langston 1986, Bryan and Langston 1992). 
Particles may be the primary source of mercury to suspension feeders such as Mytilus, despite the 
high bioavailability of dissolved forms (King and Davies 1987). Even detritus and other sediment 
particles have been shown to be a significant food source for several species of marine and 
freshwater bivalves (Breteler et al. 1981; Williams 1981; King and Davies 1987; V.-Balogh 1988; 
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Bruner et al. 1994 a,b). These questions regarding bioavailability and routes of exposure call for 
more site-specific studies such as this one to supplement laboratory studies that do not include 
many of the variables inherent in field studies. This is particularly true in light of the different 
bioaccumulation and depuration findings of laboratory versus field studies of mercury. 

The origin of the methylmercury accumulated by mussels at Stations 6, 7, and 8 is unknown. 
Methylmercury could have formed upstream, within the river, or within nearby wetlands (St. 
Louis et al. 1994). Studies conducted by USGS (Coleman 1994) as part of this cooperative effort 
indicate that total and methylmercury concentrations in the water column correlate with 
proximity to wetlands. They question, however, whether the source of this methylmercury is 
upstream contamination. Concentrations of total and methyl-mercury measured by USGS in 
water collected near our Station 6 were approximately 8 to 10 ng/l and 0.21 to 0.75 ng/l, 
respectively. Additionally, Coleman (1994) suggests that aqueous mercury from Nyanza does not 
pass the Saxonville impoundment. Some of the lowest methylmercury concentrations (0.07 to 
0.2 ng/l) were measured in water collected from the Sudbury River below the Saxonville
impoundment—an area removed from wetlands. 

The USGS stations did not extend beyond the Sherman Street Bridge (our Station 6), and USGS 
does not have data for the part of the Sudbury River near the Concord River (i.e., near our 
Stations 7 and 8). Methylmercury in this portion of the river may be entering from the wetlands 
(Coleman 1994), a possible source of methylmercury accumulated by our mussels at Stations 6, 
7, and 8. 

Recent studies have shown that some watersheds in northern latitudes have naturally high 
concentrations of both total and methylmercury, when compared to watersheds in more southern 
latitudes (St. Louis et al. 1994; Lasorsa and Allen-Gil 1995). Tissues of fish collected from 
Locust Pond, a presumed unaffected area in the northeast, contained total mercury 
concentrations of approximately 1.1 mg/kg-wet (Metcalf and Eddy 1994). In addition, St. Louis 
et al. (1994) have shown that the methylmercury produced in lake sediments is often retained 
within lakes with little opportunity for transport or migration. These factors could account for the 
elevated mercury concentrations measured in the Lake Massesecum mussels. Since there is a 
similar temperature effect on methylmercury production in lake sediments and wetlands, mussels 
collected from Lake Massesecum could contain a maximum tissue burden. The Lake 
Massesecum mussels would accumulate more methylmercury when summer temperatures 
increased its bioavailability. 
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Effects of Mercury Exposure 

Changes in tissue weight were the most informative growth metric for mussels in this study. We 
believe that the growth measured for mussels at Stations 7 and 8 was not an artifact of caging or 
reproductive tissue development. Mussel growth rates at these stations were greater than those 
reported for this size range by Kat (1982), but the conditions in the two studies are different. 
Increase in reproductive tissue is unlikely since none of the animals in our study contained 
glochidia (a larval stage retained by the female). 

Even though we have been unable to identify the source of methylmercury, our data indicate that 
accumulation of methylmercury may significantly affect mussel growth. The statistical clusterings 
of three or four groups found for each of the mussel metrics suggest that areas closest to Nyanza 
are most impacted and may elicit adverse effects in exposed organisms. The impact of 
conditions in the midsection of the river is less certain. Perhaps more exposure time is required 
to evaluate this area. The biological effects of the methylmercury at the stations furthest 
downstream are unclear. 

The regression relationships (Figures 11-13) between growth and tissue mercury concentrations 
suggest that the highest concentrations of mercury in mussel tissues were associated with, and 
may have caused, reductions in mussel growth. It cannot be stated conclusively that mercury 
caused all the observed growth effects because there could be other physical or chemical factors 
influencing mussel growth. It is unlikely that the transplant procedure of caging and relocating 
animals significantly stressed the mussels. The effects of caging could have been evaluated by 
deploying additional mussels at Lake Massesecum. We did not add this element to the study 
because of budgetary constraints and the additional time required to revisit the collection site at 
the end of the study. In addition, our previous work with marine mussels (Salazar and Salazar, 
in press) and the evidence in the literature indicate that caging and transplanting do not add 
significant stress under proper handling conditions (Muncaster et al. 1990; Stansbery 1994). 

The observed trend of increasing final tissue weights and decreasing tissue mercury 
concentrations with distance from Nyanza must be evaluated judiciously. These data could 
suggest that tissue concentrations of mercury are being diluted by the growth process. By 
analyzing the growth data concurrently with the tissue content data, it becomes apparent that 
mussels are accumulating methylmercury and effects are occurring that could be related to 
bioaccumulated mercury. Each growth metric (i.e., whole-animal wet weight, change in tissue 
weight, change in shell length) strongly correlated with all three forms of mercury evaluated. The 
highest tissue concentrations of total, inorganic, and methylmercury were associated with the 
lowest mussel growth rates. The literature suggests that methylmercury is the most toxic form 
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(Bryan and Langston 1992) and that it is the most readily accumulated. In our study, the 
strongest relationships (based on r2 values from the regression equations) were found with total and 
inorganic mercury. With only seven stations (Station 6 was omitted for reasons previously described) in 
one short study, we cannot conclude that methylmercury is less toxic, but this finding is of interest 

Even though our data set is limited in size (n=8) and the reference stations were inappropriate, 
some trends are apparent with respect to tissue burdens of mercury and growth. Growth rates for 
animals that had tissue burdens above 800 ng/g total mercury-dry were at least ten times lower 
than growth rates for animals with less total mercury in their tissues. Animals with less than 800 
ng/g total mercury-dry increased in tissue weight by as much as 75 percent. Animals with tissue 
burdens greater than 800 ng/g had no increase in tissue weight. These data are not sufficient to 
establish effect concentrations but they can be used as a starting point for comparative purposes. 
Our data also suggest that the tissue concentration of total mercury for mussels at Stations 7 and 
8 did not adversely impact mussel growth. However, without comparable growth data from 
reference animals, it cannot be established that this is a no-effect tissue concentration, even 
though growth rates are comparable with literature values. The trends demonstrated in this study 
require further testing and confirmation. 

Sediment mercury concentrations and mussel growth did not correlate when all stations (except 
6) were used. However, when the five Sudbury River stations were used and the reference 
stations were excluded, mussel growth correlated significantly with sediment mercury 
concentrations. 

There was no significant relationship between mercury content and any of the mussel growth 
metrics, and we did not expect to find one. The concentration of contaminants in mussel tissues 
appears to elicit toxic responses and not the per-animal content (Depledge and Rainbow 1990). 
While the total mercury content is informative for understanding accumulation and depuration 
processes, action levels and effects concentrations must be determined by using concentrations. 

Several investigators have advocated moving toward criteria based on tissue burdens in addition 
to, or instead of, the concentration of contaminants in water or sediment (McKim and Schmeider 
1991, Calabrese and Baldwin 1993). Niimi and Kissoon (1994) have suggested that whole-body 
concentrations of 1 to 5 mg total mercury/kg tissue could have chronic effects on adult fish and 
other aquatic organisms. Widdows and Donkin (1992) have pioneered using synoptic 
measurements of bioaccumulation and physiological responses (scope for growth) to predict 
tissue concentrations at which adverse effects are expected in mussels. This approach is gaining 
importance because of the applications to ecological risk assessments. 
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The final percent water concentration data provide another interesting correlation, although the 
environmental significance is unclear. Percent water concentration steadily decreases with 
distance from the White Hall Reservoir. Although there could be a relationship between percent 
water and mercury exposure, the decrease appears too regular to be associated with mercury 
alone and may be due to other physical or chemical factors associated with distance downstream. 
The similar percent water content between Station 8 and Lake Massesecum mussels suggests that 
the animals were of similar health. Mussels with the greatest deviation from the initial percent 
water concentration may have been under stress and less healthy. This interpretation is 
supported by the relationship between percent water and growth rate. The groupings shown in 
Figure 8 are similar to those obtained for tissue mercury concentration. Although the usefulness 
of percent water as an effects measurement endpoint requires further investigation, these data 
may indicate that mussels at Stations 7 and 8 were unaffected by exposure conditions. 
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Effects of Temperature 

Although water temperatures differences measured in the Sudbury River are expected given the 
nature of the system being tested, these differences are statistically significant. However, 
separating statistical significance from ecological significance is important. What affect, if any, do 
the measured temperature differences have on the observed growth results? Temperatures and 
mussel growth rates are positively correlated (R2=0.73; Figure 14). The R2 value obtained for this 
regression is slightly smaller than the R2 values obtained for the regression relationships for 
mussel tissue concentrations of mercury and growth parameters (Figures 11-13). 

Unionid mussels, including E. complanata, are slow growing and can live for decades. Mean 
shell length increases with increasing age over the entire life span of these mussels, but as the 
mussels reach maturity, the increase in shell length declines with age. Tissue weight increases 
with increasing age over the entire life span of these organisms, sometimes increasing 
exponentially. Mussels in our study were estimated to be 9 years old based on an average shell 
length of approximately 60 mm. Mussels of this age grow about 5 mm per year and increase 
tissue weights by about 1 g (wet weight)/year (McMahon 1991). The 84-day exposure period 
used in this study represents a very small portion of their life and the overall effects of the slight 
differences in temperatures measured across stations on growth are expected to be minimal. The 
indirect effects of temperature on growth may be greater than the direct effects. For example, it is 
possible that food and nutrient availability was less in areas where temperatures were lower. 

Downstream stations and stations in impoundments have slightly elevated temperatures from 
upstream stations—this temperature increase may result in a slight increase in tissue growth 
causing a dilution effect on the tissue concentration of total and methylmercury. This might 
explain the phenomenon of downstream stations having a lower tissue residue, even though the 
local mercury concentration in water or sediment may be higher at these stations through an 
accumulation of mercury from the entire watershed. 

We are not able to determine the relative importance of temperature or mercury exposure on 
growth because of the lack of proper reference stations (see following section). We do have a 
good correlation between tissue mercury concentration and growth as well as a reasonably good 
correlation between temperature and growth. However, we can not determine how much 
different growth would have been in the absence of mercury because we don’t have 
uncontaminated reference stations with the same temperature ranges. 
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Sta 2

Sta 3

Sta 6

Sta 5

Sta 4

Sta 7

Sta 8



Reference Station and Collection Site Concerns 

Stations 1 and 2 clearly do not represent uncontaminated “background” conditions, and mussel 
growth data from these stations cannot be used as reference data to compare with data from 
mussels transplanted to stations below Nyanza. The tissue mercury concentrations in mussels 
from the White Hall Reservoir were among the highest measured in our study, and a 
methylmercury source has been identified for this reservoir (Coleman 1994) that could account 
for these data. Mussels transplanted to Stations 1 and 2 had negative growth rates, confirming 
their inappropriateness as reference animals. Correlations that included these stations (sediment 
mercury and tissue mercury, sediment mercury and mussel growth) became significant when 
these reference stations were excluded. 

The initial mercury concentrations from the Lake Massesecum mussels were higher than 
anticipated. Although the presence of mercury in tissues of mussels from Lake Massesecum may 
have affected animal health and their ability to accumulate mercury at the beginning of the test, 
mussels transplanted to some stations had significant increases in growth, and all mussels 
accumulated methylmercury on a content-per-animal basis (Figure 7). The effects on the mussel 
population in Lake Massesecum is unknown. They may have adapted and remained unaffected. 
Enhanced mercury tolerance by induction of metallothioneins has been demonstrated in Mytilus 
exposed to mercury (Roesijadi et al. 1982) and even increased mercury tolerance after exposure 
to copper, cadmium, and zinc (Roesijadi and Fellingham 1987). 

Limits of Data Interpretation and Future Work 

While methylmercury appears to be available to mussels throughout the Sudbury River, we 
cannot extrapolate the potential impact to higher trophic species. Given mercury’s potential to 
biomagnify, exposure of lower trophic species to low environmental concentrations may cause 
higher trophic species to have unacceptably high levels. Fish throughout the Sudbury River have 
elevated tissue mercury concentrations (NUS 1992); concentrations measured in fish collected 
from the river between 1971 and 1991 are similar to those predicted to cause effects in other fish 
species (Niimi and Kissoon 1994). Recent observations indicate that the abundance of E. 
complanata is lower at Nyanza than in downstream areas (Wicklow 1995). It would be useful to 
compare methylmercury concentrations in resident mussels with the concentration findings in 
this report. 
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It is difficult to extrapolate the apparent effects on growth in E. complanata to other species or 
biological endpoints. More sensitive species or life stages (e.g., larval or juvenile stages) may 
experience greater effects as a result of mercury exposure in the Sudbury River. Further, the 
limited number of stations in this study do not provide a detailed picture of the availability of 
mercury throughout the Sudbury River. Variability within impoundments was not measured, 
nor the effect of depth. Another uncertainty is what influence wetland areas have on the 
availability of methylmercury. Adding one or two stations in the Great Meadows National 
Wildlife Refuge and one directly upstream away from the wetland could help to establish the 
distribution of methylmercury in the wetlands. 

A more integrated program measuring exposure, dose, and bioeffects would help to explain some 
of our results. Using appropriate reference areas for a study of this type is extremely important 
because poor reference data limit both interpretation of the data and conclusions. While growth 
at upstream stations clearly differed from that of downstream stations, growth effects at Stations 7 
and 8 cannot be determined because of the poor performance of reference animals. Although it 
appears that mussels at Stations 7 and 8 were unaffected, we do not know what the growth would 
have been under pristine conditions. Similarly, lack of suitable reference data for determining 
ambient methylmercury concentrations precludes definitive conclusions about the extent of 
Nyanza methylmercury contamination. Future work should begin by locating reference areas for 
data on growth and ambient methylmercury concentration. Reference areas should be 
unaffected by direct sources of contamination and should not have unusual water chemistry. 

Summary and Conclusions 

The objectives of this mussel transplant study were to determine how far downstream from the 
Nyanza site mercury was bioavailable, and whether adverse effects were associated with exposure 
to bioavailable mercury. We used sediment and tissue chemistry data to estimate mercury 
availability; various mussel growth metrics were used in the effects assessment. Study results 
indicate the following: 

! Total mercury concentrations in the sediment were highest near Reservoir 2 and the 
Saxonville Impoundment. 

! Total mercury concentrations in mussel tissues increased significantly at the two reference 
stations and at the station nearest the Nyanza site. Total mercury concentrations in 
mussel tissues decreased significantly at the two stations farthest downstream, in Fairhaven 
Bay and the wetland area near the confluence of the Sudbury and the Assabett Rivers. 
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! Methylmercury concentrations in mussel tissues increased significantly at all stations 
except Stations 7 and 8, the two stations farthest downstream from the Nyanza site. 

! Total mercury content in mussel tissues did not change significantly at any station during 
the study. 

! Methylmercury content in mussel tissues was significantly higher for mussels at all stations 
except Station 1, a reference station. 

! Mussel growth rates had a downstream trend: growth rates were lowest near the Nyanza 
site and increased with distance away from the site. Mussels at Stations 1, 2, and 3 had 
lower soft tissue weights. Changes in whole-animal wet-weights for these mussels yielded 
negative growth rates. Mussels at Stations 1, 2, and 3 also had elevated percent-water 
concentrations. The increase in soft tissue weights for mussels at Stations 7 and 8 were 
comparable to literature values. Changes in whole-animal wet-weights and soft tissue 
weights for mussels at Stations 4 and 5 were intermediate between those from the 
upstream and farthest downstream stations. Poor survival of mussels at Station 6 
appeared to be related to environmental factors (i.e., dissolved oxygen) and not mercury 
exposure. 

! Temperatures were statistically lower in upstream stations; impoundment stations were 
generally warmer than faster flowing river stations. Except for the extremes, there was no 
difference in the mean temperature ranges across stations. A positive correlation was 
found between average temperatures and growth rates. 

Based on this information, we are able to conclude that methylmercury was bioavailable 
throughout our study area. The affects on mussel growth are correlated to, and likely associated 
with exposure to methylmercury. However, without supporting sediment and water chemistry 
data we can not definitively conclude that the measured effects are due only to mercury exposure. 
The presence of other unmeasured chemicals or environmental factors, such as food availability, 
may also have influenced mussel growth. The influence of temperature on mussel growth cannot 
be determined with the current study design. Uncontaminated reference stations with similar 
temperature ranges would be needed to clarify this issue. Differences in temperature measured 
across stations may have had more indirect effects, such as in limiting food and nutrient 
availability, than direct effects. The data presented in this report should be interpreted in 
combination with data collected from the other studies in this collaborative effort. 

The source of methylmercury that was accumulated by mussels throughout the study area is 
uncertain. It is likely that the Nyanza site is the primary source, particularly in the areas 
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represented by Stations 3, 4 and 5. It is uncertain whether the source of methylmercury in the 
wetland area is due to the downstream transport of sediment-bound mercury or other more 
localized sources. 
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APPENDIX P 


INDIVIDUAL SEDIMENT SAMPLE HAZARD 

QUOTIENTS




Table P-1 

Sediment Benchmark Comparison - Reach 1 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 1 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S1-0-SDXX0001-0-031007-0005 2.32E-01 1.3 0.22 

S1-0-SDXX0002-0-031007-0005 3.22E-01 1.8 0.30 

S1-0-SDXX0003-0-031007-0005 3.83E-01 2.1 0.36 

S1-0-SDXX0004-0-031007-0005 3.15E+00 18 3.0 

S1-0-SDXX0005-0-031007-0005 1.30E-01 0.72 0.12 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 

1.06 mg/kg, respectively (MacDonald et al., 2000).

mg/kg = milligrams per kilogram.


PEC = Probable Effect Concentrations


TEC = Threshold Effect Concentrations


Shading indicates ratio > 1.
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Table P-2 

Sediment Benchmark Comparison - Reach 2 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 2 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S2-0-SDXX0001-0-031008-0005 4.94E-01 2.7 0.47 

S2-0-SDXX0002-0-031008-0005 5.33E-01 3.0 0.50 

S2-0-SDXX0003-0-031008-0005 3.48E-01 1.9 0.33 

S2-0-SDXX0004-0-031008-0005 3.75E-01 2.1 0.35 

S2-1-SDXX0001-0-031015-0005 1.58E-02 0.088 0.015 

S2-1-SDXX0002-0-031015-0005 5.17E-03 0.029 0.0049 

S2-2-SDXX0001-0-031008-0005 9.65E+00 54 9.1 

S2-2-SDXX0002-0-031008-0005 4.31E+00 24 4.1 

S2-2-SDXX0003-0-031008-0005 6.93E+00 38 6.5 

S2-2-SDXX0004-0-031008-0005 1.66E+00 9.2 1.6 

S2-2-SDXX0005-0-031008-0005 6.14E-02 0.34 0.058 

S2-2-SDXX0006-0-031008-0005 1.11E-02 0.062 0.010 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


PEC = Probable Effect Concentrations


TEC = Threshold Effect Concentrations


Shading indicates ratio > 1.
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Table P-3 

Sediment Benchmark Comparison - Reach 3 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 3 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S3-1-SDCR0001-0-031010-0003 3.45E+00 19 3.3 

S3-1-SDXX0001-0-031010-0005 2.46E+00 14 2.3 

S3-1-SDXX0002-0-031010-0005 2.53E+00 14 2.4 

S3-1-SDXX0003-0-031010-0005 2.32E+00 13 2.2 

S3-1-SDXX0004-0-031010-0005 1.32E+00 7.3 1.2 

S3-1-SDXX0005-0-031010-0005 2.59E+00 14 2.4 

S3-1-SDCM0081-0-051011-0005 2.61E+00 14 2.5 

S3-1-SDCR0081-0-051012-0005 4.07E+00 23 3.8 

S3-2-SDXX0001-0-031010-0005 9.09E+00 50 8.6 

S3-2-SDXX0002-0-031010-0005 1.12E+01 62 11 

S3-2-SDXX0003-0-031010-0005 1.08E+01 60 10 

S3-2-SDXX0004-0-031010-0005 8.01E+00 44 7.6 

S3-2-SDXX0005-0-031010-0005 5.30E+00 29 5.0 

S3-2-SDXX0006-0-031010-0005 4.84E+00 27 4.6 

S3-2-SDXX0007-0-031010-0005 3.82E+00 21 3.6 

S3-2-SDXX0008-0-031010-0005 5.47E+00 30 5.2 

S3-2-SDCM0051-0-051011-0005 1.91E+01 106 18 

S3-2-SDCM0061-0-051011-0005 6.76E+00 38 6.4 

S3-2-SDCM0071-0-051011-0005 4.82E+00 27 4.6 

S3-2-SDCR0051-0-051012-0005 2.27E+01 126 21 

S3-2-SDCR0061-0-051012-0005 2.43E+01 135 23 

S3-2-SDCR0071-0-051012-0005 1.55E+01 86 15 

S3-3-SDXX0001-0-031010-0005 2.77E+01 154 26 

S3-3-SDXX0002-0-031010-0005 2.00E+01 111 19 

S3-3-SDXX0003-0-031010-0005 4.49E+01 249 42 

S3-3-SDXX0004-0-031010-0005 2.69E+01 149 25 

S3-3-SDXX0005-0-031010-0005 2.80E+01 156 26 

S3-3-SDXX0006-0-031010-0005 2.11E+01 117 20 

S3-3-SDXX0007-0-031010-0005 3.68E+01 204 35 

S3-3-SDXX0008-0-031010-0005 1.69E+01 94 16 

S3-3-SDCM0011-0-051011-0005 1.41E+01 78 13 

S3-3-SDCM0021-0-051011-0005 2.80E+01 155 26 

S3-3-SDCM0031-0-051011-0005 2.81E+01 156 27 

S3-3-SDCM0041-0-051011-0005 2.17E+01 121 20 

S3-3-SDCR0011-0-051012-0005 2.33E+01 129 22 

S3-3-SDCR0021-0-051012-0005 2.98E+01 166 28 

S3-3-SDCR0031-0-051012-0005 3.47E+01 193 33 

S3-3-SDCR0041-0-051012-0005 1.39E+01 77 13 

S3-3-SDXX0001-0-051011-0005 9.14E+00 51 8.6 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-4 

Sediment Benchmark Comparison - Reach 3 - Focus Area 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 3 - Focus Area 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S3-1-SDFA0001-0-031017-0005 8.96E+00 50 8.5 

S3-1-SDFA0002-0-031017-0005 1.24E+00 6.9 1.2 

S3-1-SDFA0003-0-031017-0005 5.41E+00 30 5.1 

S3-1-SDFA0004-0-031017-0005 4.42E+00 25 4.2 

S3-1-SDFA0005-0-031017-0005 4.17E+00 23 3.9 

S3-1-SDFA0006-0-031017-0005 4.93E-01 2.7 0.47 

S3-1-SDFA0007-0-031017-0005 9.14E-01 5.1 0.86 

S3-1-SDFA0008-0-031017-0005 4.93E-01 2.7 0.47 

S3-1-SDFA0009-0-031017-0005 5.45E-01 3.0 0.51 

S3-1-SDFA0010-0-031017-0005 2.56E+00 14 2.4 

S3-1-SDFA0011-0-031017-0005 1.89E+00 10 1.8 

S3-1-SDFA0012-0-031017-0005 2.40E-01 1.3 0.23 

S3-1-SDFA0013-0-031017-0005 3.08E+00 17 2.9 

S3-1-SDFA0014-0-031017-0005 4.27E+00 24 4.0 

S3-1-SDFA0015-0-031017-0005 2.36E+00 13 2.2 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-5 

Sediment Benchmark Comparison - Reach 4 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 4 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S4-0-SDXX0001-0-031013-0005 8.42E+00 47 7.9 

S4-0-SDXX0002-0-031013-0005 7.58E+00 42 7.2 

S4-0-SDXX0003-0-031013-0005 1.95E+00 11 1.8 

S4-0-SDXX0004-0-031013-0005 2.09E+00 12 2.0 

S4-0-SDXX0005-0-031013-0005 7.55E+00 42 7.1 

S4-0-SDXX0006-0-031013-0005 8.11E+00 45 7.6 

S4-0-SDXX0007-0-031013-0005 1.50E+01 84 14 

S4-0-SDXX0008-0-031013-0005 4.79E+00 27 4.5 

S4-0-SDXX0009-0-031013-0005 1.33E+01 74 12.6 

S4-0-SDXX0010-0-031013-0005 2.80E+00 16 2.6 

S4-0-SDXX0011-0-031013-0005 8.22E-01 4.6 0.78 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-6 

Sediment Benchmark Comparison - Reach 5 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 5 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S5-2-SDXX0001-0-031009-0005 9.41E-01 5.2 0.89 

S5-2-SDXX0002-0-031009-0005 1.72E-01 1.0 0.16 

S5-2-SDXX0003-0-031009-0005 3.20E+00 18 3.0 

S5-2-SDXX0004-0-031009-0005 1.11E+00 6.2 1.0 

S5-2-SDXX0005-0-031009-0005 4.33E-02 0.24 0.041 

S5-3-SDXX0001-0-031008-0005 1.67E+00 9.3 1.6 

S5-3-SDXX0002-0-031008-0005 4.74E-02 0.26 0.045 

S5-3-SDXX0003-0-031008-0005 5.44E-01 3.0 0.51 

S5-3-SDXX0004-0-031008-0005 1.17E+00 6.5 1.1 

S5-3-SDXX0005-0-031008-0005 2.41E+00 13 2.3 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-7 

Sediment Benchmark Comparison - Reach 5 - Focus Area 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 5 - Focus Area 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S5-1-SDFA0001-0-031016-0005 8.48E-02 0.47 0.080 

S5-1-SDFA0002-0-031016-0005 9.78E-02 0.54 0.092 

S5-1-SDFA0003-0-031016-0005 1.32E-01 0.73 0.12 

S5-1-SDFA0004-0-031016-0005 4.31E-01 2.4 0.41 

S5-1-SDFA0005-0-031016-0005 8.60E-02 0.48 0.081 

S5-1-SDFA0006-0-031016-0005 8.00E-01 4.4 0.75 

S5-1-SDFA0007-0-031016-0005 6.78E-02 0.38 0.064 

S5-1-SDFA0008-0-031016-0005 1.00E-01 0.56 0.094 

S5-1-SDFA0009-0-031016-0005 1.99E+00 11 1.9 

S5-1-SDFA0010-0-031016-0005 1.88E-01 1.0 0.18 

S5-1-SDFA0011-0-031016-0005 8.44E-02 0.47 0.080 

S5-1-SDFA0012-0-031016-0005 1.88E-01 1.0 0.18 

S5-1-SDFA0013-0-031016-0005 7.23E-02 0.40 0.068 

S5-1-SDFA0014-0-031016-0005 4.64E-02 0.26 0.044 

S5-1-SDFA0015-0-031016-0005 3.47E-02 0.19 0.033 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-8 

Sediment Benchmark Comparison - Reach 6 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 6 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S6-0-SDXX0001-0-031009-0005 2.54E+00 14 2.4 

S6-0-SDXX0002-0-031009-0005 1.76E+00 9.8 1.7 

S6-0-SDXX0003-0-031009-0005 2.05E+00 11 1.9 

S6-0-SDXX0004-0-031009-0005 5.18E+00 29 4.9 

S6-0-SDXX0005-0-031009-0005 9.76E+00 54 9.2 

S6-0-SDXX0006-0-031009-0005 1.36E+00 7.6 1.3 

S6-0-SDXX0007-0-031009-0005 3.18E+00 18 3.0 

S6-0-SDXX0008-0-031009-0005 3.62E+00 20 3.4 

S6-0-SDXX0009-0-031009-0005 3.34E-02 0.19 0.031 

S6-0-SDXX0010-0-031009-0005 5.09E-01 2.8 0.48 

S6-0-SDXX0011-0-031009-0005 2.23E-01 1.2 0.21 

S6-0-SDXX0012-0-031009-0005 1.98E-01 1.1 0.19 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-9 

Sediment Benchmark Comparison - Reach 7 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 7 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S7-0-SDXX0001-0-031010-0005 1.32E-01 0.73 0.12 

S7-0-SDXX0002-0-031010-0005 3.49E-02 0.19 0.033 

S7-0-SDXX0003-0-031010-0005 1.55E+00 8.6 1.5 

S7-0-SDXX0004-0-031010-0005 1.07E+00 5.9 1.0 

S7-0-SDXX0005-0-031010-0005 4.74E-01 2.6 0.45 

S7-0-SDXX0006-0-031010-0005 1.31E-01 0.73 0.12 

S7-0-SDXX0007-0-031010-0005 1.27E-01 0.71 0.12 

S7-0-SDXX0008-0-031010-0005 1.70E-01 0.94 0.16 

S7-0-SDXX0009-0-031010-0005 2.31E-01 1.3 0.22 

S7-0-SDXX0010-0-031010-0005 7.94E-02 0.44 0.075 

S7-0-SDXX0011-0-031010-0005 6.17E-02 0.34 0.058 

S7-0-SDXX0012-0-031010-0005 3.53E-01 2.0 0.33 

S7-0-SDXX0013-0-031010-0005 3.14E-02 0.17 0.030 

S7-0-SDXX0014-0-031010-0005 5.87E-02 0.33 0.055 

S7-0-SDXX0015-0-031010-0005 1.18E-02 0.066 0.011 

S7-0-SDXX0016-0-031010-0005 2.17E-01 1.2 0.20 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-10 

Sediment Benchmark Comparison - Reach 7 - Heard Pond 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 7 - Heard Pond 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S7-3-SDXX0001-0-051012-0005 2.46E+00 14 2.3 

S7-3-SDXX0002-0-051012-0005 3.00E+00 17 2.8 

S7-3-SDXX0003-0-051012-0005 2.47E+00 14 2.3 

S7-3-SDXX0004-0-051012-0005 2.06E+00 11 1.9 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-11 

Sediment Benchmark Comparison - Reach 8 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 8 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S8-1-SDXX0001-0-031009-0005 9.11E-02 0.51 0.086 

S8-2-SDXX0001-0-031009-0005 6.00E-01 3.3 0.57 

S8-2-SDXX0002-0-031009-0005 1.19E+00 6.6 1.1 

S8-2-SDXX0003-0-031009-0005 9.99E-01 5.5 0.94 

S8-2-SDXX0004-0-031009-0005 2.03E-01 1.1 0.19 

S8-2-SDXX0005-0-031009-0005 7.30E-02 0.41 0.069 

S8-2-SDXX0006-0-031009-0005 1.06E-01 0.59 0.10 

S8-2-SDXX0007-0-031017-0005 7.33E-01 4.1 0.69 

S8-2-SDXX0008-0-031017-0005 8.48E-01 4.7 0.80 

S8-2-SDXX0009-0-031017-0005 3.89E-01 2.2 0.37 

S8-3-SDXX0001-0-031009-0005 6.76E-01 3.8 0.64 

S8-3-SDXX0002-0-031009-0005 1.39E-01 0.77 0.13 

S8-3-SDXX0003-0-031009-0005 9.92E-02 0.55 0.094 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-12 

Sediment Benchmark Comparison - Reach 9 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 9 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S9-0-SDXX0001-0-031009-0005 9.38E-01 5.2 0.89 

S9-0-SDXX0002-0-031009-0005 1.62E+00 9.0 1.5 

S9-0-SDXX0003-0-031009-0005 1.90E+00 11 1.8 

S9-0-SDXX0004-0-031009-0005 1.44E+00 8.0 1.4 

S9-0-SDXX0005-0-031009-0005 1.07E+00 6.0 1.0 

S9-0-SDXX0006-0-031009-0005 1.27E+00 7.1 1.2 

S9-0-SDXX0007-0-031009-0005 1.47E+00 8.1 1.4 

S9-0-SDXX0008-0-031009-0005 1.18E+00 6.6 1.1 

S9-0-SDXX0009-0-031009-0005 4.66E-01 2.6 0.44 

S9-0-SDXX0010-0-031009-0005 7.70E-01 4.3 0.73 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-13 

Sediment Benchmark Comparison - Reach 10 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 10 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

S0-0-SDXX0001-0-031008-0005 4.21E-01 2.3 0.40 

S0-0-SDXX0002-0-031008-0005 7.54E-02 0.42 0.071 

S0-0-SDXX0003-0-031008-0005 4.05E-01 2.3 0.38 

S0-0-SDXX0004-0-031008-0005 5.15E-01 2.9 0.49 

S0-0-SDXX0005-0-031008-0005 2.05E-01 1.1 0.19 

S0-0-SDXX0006-0-031008-0005 5.36E-02 0.30 0.051 

S0-0-SDXX0007-0-031008-0005 8.61E-01 4.8 0.81 

S0-0-SDXX0008-0-031008-0005 1.51E+00 8.4 1.4 

S0-0-SDXX0009-0-031008-0005 1.77E-01 1.0 0.17 

S0-0-SDXX0010-0-031009-0005 1.11E+00 6.2 1.1 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-14 

Sediment Benchmark Comparison - Charles River 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Charles River 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

CR-0-SDCR0001-0-031014-0003 3.15E-01 1.7 0.30 

CR-0-SDCR0002-0-031014-0003 1.91E-01 1.1 0.18 

CR-0-SDXX0001-0-031014-0005 2.70E-01 1.5 0.26 

CR-0-SDXX0002-0-031014-0005 1.68E-01 0.93 0.16 

CR-0-SDXX0003-0-031014-0005 2.20E-01 1.2 0.21 

CR-0-SDXX0004-0-031014-0005 1.54E-01 0.86 0.15 

CR-0-SDXX0005-0-031014-0005 3.41E-01 1.9 0.32 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-15 

Sediment Benchmark Comparison - Sudbury Reservoir 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Sudbury Reservoir 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

SR-0-SDXX0001-0-031013-0005 1.16E-01 0.64 0.11 

SR-0-SDXX0002-0-031013-0005 5.76E-02 0.32 0.054 

SR-0-SDXX0003-0-031013-0005 2.98E-01 1.7 0.28 

SR-0-SDXX0004-0-031013-0005 7.34E-02 0.41 0.069 

SR-0-SDXX0005-0-031013-0005 2.56E-01 1.4 0.24 

SR-0-SDXX0006-0-031013-0005 3.92E-01 2.2 0.37 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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Table P-16 

Sediment Benchmark Comparison - Reach 3 and Charles River Sediment Cores 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Sediment Cores 

Concentration 

(mg/kg) 

Concentration to 

TEC Ratio 

Concentration to 

PEC Ratio 

Reach 3 - 2003 

S3-1-SDCR0001-0-031010-0003 3.45E+00 19 3.3 

S3-1-SDCR0001-0-031010-0306 2.70E+00 15 2.5 

S3-1-SDCR0001-0-031010-0609 2.97E+00 16 2.8 

S3-1-SDCR0001-0-031010-0912 8.26E+00 46 7.8 

Reach 3 - 2005 

S3-3-SDCR0011-0-051012-0005 2.33E+01 129 22 

S3-3-SDCR0011-0-051012-0510 1.01E+01 56 9.5 

S3-3-SDCR0011-0-051012-1015 2.58E+00 14 2.4 

S3-3-SDCR0011-0-051012-1520 1.24E+00 6.9 1.2 

S3-3-SDCR0021-0-051012-0005 2.98E+01 166 28 

S3-3-SDCR0021-0-051012-0510 4.81E+01 267 45 

S3-3-SDCR0021-0-051012-1015 3.83E+00 21 3.6 

S3-3-SDCR0021-0-051012-1520 5.27E-01 2.9 0.50 

S3-3-SDCR0031-0-051012-0005 3.47E+01 193 33 

S3-3-SDCR0031-0-051012-0510 8.68E+00 48 8.2 

S3-3-SDCR0031-0-051012-1015 1.48E+00 8.2 1.4 

S3-3-SDCR0031-0-051012-1520 7.01E+00 39 6.6 

S3-3-SDCR0041-0-051012-0005 1.39E+01 77 13 

S3-3-SDCR0041-0-051012-0510 4.84E-01 2.7 0.46 

S3-3-SDCR0041-0-051012-1015 1.93E-01 1.1 0.18 

S3-3-SDCR0041-0-051012-1520 8.54E-02 0.47 0.08 

S3-2-SDCR0051-0-051012-0005 2.27E+01 126 21 

S3-2-SDCR0051-0-051012-0510 1.85E+01 103 17 

S3-2-SDCR0051-0-051012-1015 1.46E+01 81 14 

S3-2-SDCR0051-0-051012-1520 9.89E-01 5.5 0.93 

S3-2-SDCR0061-0-051012-0005 2.43E+01 135 23 

S3-2-SDCR0061-0-051012-0510 3.28E+01 182 31 

S3-2-SDCR0061-0-051012-1015 1.15E+01 64 11 

S3-2-SDCR0061-0-051012-1520 5.17E+00 29 4.9 

S3-2-SDCR0071-0-051012-0005 1.55E+01 86 15 

S3-2-SDCR0071-0-051012-0510 4.22E+01 235 40 

S3-2-SDCR0071-0-051012-1015 3.29E+01 183 31 

S3-2-SDCR0071-0-051012-1520 1.50E+01 83 14 

S3-1-SDCR0081-0-051012-0005 4.07E+00 23 3.8 

S3-1-SDCR0081-0-051012-0510 1.30E+01 72 12 

S3-1-SDCR0081-0-051012-1015 2.08E+01 116 20 

S3-1-SDCR0081-0-051012-1520 2.85E+01 158 27 

Charles River 

CR-0-SDCR0001-0-031014-0003 3.15E-01 1.7 0.30 

CR-0-SDCR0001-0-031014-0306 4.29E-01 2.4 0.40 

CR-0-SDCR0001-0-031014-0609 5.31E-01 2.9 0.50 

CR-0-SDCR0001-0-031014-0912 3.98E-01 2.2 0.38 

CR-0-SDCR0002-0-031014-0003 1.91E-01 1.1 0.18 

CR-0-SDCR0002-0-031014-0306 1.54E-01 0.85 0.15 

CR-0-SDCR0002-0-031014-0609 5.10E-02 0.28 0.048 

CR-0-SDCR0002-0-031014-0912 8.11E-02 0.45 0.076 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on TEC and PEC values of 0.18 mg/kg and 1.06 mg/kg, 

respectively (MacDonald et al., 2000).


mg/kg = milligrams per kilogram.


TEC = Threshold Effect Concentrations


PEC = Probable Effect Concentrations


Shading indicates ratio > 1.
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APPENDIX Q 


INDIVIDUAL SURFACE WATER SAMPLE HAZARD 

QUOTIENTS




---

---

---

---

Table Q-1 

Surface Water Benchmark Comparison - Reach 1 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 1 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-0306 

Total Hg 2.14E+00 0.0013 0.0024 

MeHg 3.10E-01 0.026 

BRL-167 

Total Hg 2.26E+00 0.0014 0.0025 

MeHg 2.95E-01 0.025 

BRL-206 

Total Hg 1.73E+00 0.0011 0.0019 

MeHg 1.84E-01 0.015 

BRL-830 

Total Hg 2.06E+00 0.0013 0.0023 

MeHg 2.50E-01 0.021 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-2 

Surface Water Benchmark Comparison - Reach 2 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 2 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-100 

Total Hg 3.81E+00 0.0024 0.0042 

MeHg 2.87E-01 0.024 

BRL-130 

Total Hg 4.25E+00 0.0027 0.0047 

MeHg 2.38E-01 0.020 

BRL-193 

Total Hg 4.18E+01 0.026 0.046 

MeHg 3.92E-01 0.033 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-3 

Surface Water Benchmark Comparison - Reach 3 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 3 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-132 

Total Hg 5.89E+00 0.0037 0.0065 

MeHg 3.61E-01 0.030 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-4 

Surface Water Benchmark Comparison - Reach 4 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 4 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-843 

Total Hg 2.70E+00 0.0017 0.0030 

MeHg 1.42E-01 0.012 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-5 

Surface Water Benchmark Comparison - Reach 5 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 5 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-119 

Total Hg 1.59E+00 0.00099 0.0017 

MeHg 1.25E-01 0.01042 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-6 

Surface Water Benchmark Comparison - Reach 7 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 7 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-0308 

Total Hg 6.65E+00 0.0042 0.0073 

MeHg 2.39E-01 0.020 

BRL-100 

Total Hg 4.70E+00 0.0029 0.0052 

MeHg 1.87E-01 0.016 

BRL-140 

Total Hg 1.33E+00 0.00083 0.0015 

MeHg 9.20E-02 0.0077 

BRL-141 

Total Hg 2.30E+01 0.014 0.025 

MeHg 2.76E-01 0.023 

BRL-175 

Total Hg 1.44E+00 0.00090 0.0016 

MeHg 9.70E-02 0.0081 

BRL-185 

Total Hg 4.99E+00 0.0031 0.0055 

MeHg 1.43E-01 0.012 

BRL-190 

Total Hg 3.30E+00 0.0021 0.0036 

MeHg 1.99E-01 0.017 

BRL-201 

Total Hg 3.99E+00 0.0025 0.0044 

MeHg 1.51E-01 0.013 

BRL-869 

Total Hg 1.95E+00 0.0012 0.0021 

MeHg 5.18E-01 0.043 

WDNR-018 

Total Hg 7.42E+00 0.0046 0.0082 

MeHg 1.51E-01 0.013 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-7 

Surface Water Benchmark Comparison - Reach 8 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 8 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-0300 

Total Hg 1.50E+01 0.0094 0.016 

MeHg 2.82E-01 0.024 

BRL-0301 

Total Hg 9.91E+00 0.0062 0.011 

MeHg 3.23E-01 0.027 

BRL-0304 

Total Hg 8.44E+00 0.0053 0.0093 

MeHg 3.12E-01 0.026 

BRL-0311 

Total Hg 6.84E+00 0.0043 0.0075 

MeHg 2.25E-01 0.019 

BRL-0312 

Total Hg 1.21E+01 0.0076 0.0133 

MeHg 1.80E-01 0.015 

BRL-102 

Total Hg 6.38E+00 0.0040 0.0070 

MeHg 2.49E-01 0.021 

BRL-103 

Total Hg 9.72E+00 0.0061 0.011 

MeHg 3.13E-01 0.026 

BRL-176 

Total Hg 8.25E+00 0.0052 0.0091 

MeHg 1.69E-01 0.014 

BRL-202 

Total Hg 6.63E+00 0.0041 0.0073 

MeHg 2.14E-01 0.018 

BRL-203 

Total Hg 8.67E+00 0.0054 0.0095 

MeHg 2.82E-01 0.024 

BRL-207 

Total Hg 1.46E+01 0.0091 0.016 

MeHg 3.06E-01 0.026 

BRL-330 

Total Hg 1.27E+01 0.0079 0.014 

MeHg 2.54E-01 0.021 

BRL-819 

Total Hg 1.01E+01 0.0063 0.011 

MeHg 2.85E-01 0.024 

BRL-848 

Total Hg 5.22E+00 0.0033 0.0057 

MeHg 2.13E-01 0.018 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-8 

Surface Water Benchmark Comparison - Reach 9 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 9 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-160 

Total Hg ND 

MeHg ND 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-9 

Surface Water Benchmark Comparison - Reach 10 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Reach 10 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-108 

Total Hg ND 

MeHg ND 

BRL-149 

Total Hg ND 

MeHg ND 

BRL-841 

Total Hg ND 

MeHg ND 

BRL-849 

Total Hg ND 

MeHg ND 

BRL-862 

Total Hg ND 

MeHg ND 

MB-044 

Total Hg ND 

MeHg ND 

PTI-165 

Total Hg ND 

MeHg ND 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910 ng/L, 

respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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Table Q-10 

Surface Water Benchmark Comparison - Charles River 

Operable Unit IV - Nyanza Chemical Dump Superfund Site 

Middlesex County, Massachusetts 

Sample ID 

Charles River 

Concentration 

(ng/L) 

Concentration to 

CMC Ratio 

Concentration to 

CCC Ratio 

BRL-0303 

Total Hg 2.15E+00 0.0013 0.0024 

MeHg 3.15E-01 0.026 

BRL-105 

Total Hg ND 

MeHg 2.53E-01 0.021 

BRL-109 

Total Hg 2.37E+00 0.0015 0.0026 

MeHg 3.62E-01 0.030 

BRL-117 

Total Hg ND 

MeHg ND 

BRL-133 

Total Hg 2.12E+00 0.0013 0.0023 

MeHg 3.39E-01 0.028 

BRL-161 

Total Hg 2.44E+00 0.0015 0.0027 

MeHg 3.50E-01 0.029 

BRL-169 

Total Hg 2.32E+00 0.0015 0.0025 

MeHg 3.01E-01 0.025 

BRL-181 

Total Hg 2.84E+00 0.0018 0.0031 

MeHg 2.06E-01 0.017 

BRL-198 

Total Hg ND 

MeHg 3.56E-01 0.030 

BRL-202 

Total Hg 1.96E+00 0.0012 0.0022 

MeHg 2.22E-01 0.019 

BRL-818 

Total Hg ND 

MeHg 2.29E-01 0.019 

BRL-825 

Total Hg 2.16E+00 0.0014 0.0024 

MeHg 9.40E-02 0.0078 

BRL-850 

Total Hg ND 

MeHg 2.49E-01 0.021 

BRL-851 

Total Hg ND 

MeHg ND 

BRL-870 

Total Hg 2.31E+00 0.0014 0.0025 

MeHg 3.09E-01 0.026 

MB-056 

Total Hg 2.85E+00 0.0018 0.0031 

MeHg 3.31E-01 0.028 

* Number in parenthesis represents concentration to benchmark ratio. Benchmarks based on CMC and CCC values of 1,600 ng/L and 910

ng/L, respectively for total mercury and 12 ng/L for methylmercury CCC (EPA, 2006).


ng/L = nanograms per liter.


CCC = criteria continuous concentration


CMC = criterion maximum concentration
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